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Preface

The Second International Peptide Symposium continued the tradition of international
meetings of peptide scientists started by Josef Rudinger in 1958 in Prague, Czech Re-
public. It was held under the auspices of the Seventeenth American Peptide Sympo-
sium at the Town and Country Resort in San Diego, Californiafrom June 9 to June 15.
In addition to the main Symposium, we were honored to have the Merrifield Satellite
Symposium, honoring Bruce Merrifield’ s accomplishments on his 80th birthday.

Over 1,250 participants from around the world attended the lectures, posters and
exhibits. Reflecting the international nature of the Symposium, there were participants
from 37 countries in attendance (Table 1, Figure 1). In addition to the 75 plenary lec-
tures, there were over 575 poster presentations, and 70 commercial exhibits as well as
booths from the American, Australian, Chinese, European, and Japanese Peptide Soci-
eties.

In order to afford an opportunity for the younger members of our field to present
their work to the attendees, there were 15 lectures in the Young Investigator’s
Mini-Symposium, organized by Carrie Haskell-Luevano. The quality of the lecturesin
this section is proven by the fact that these papers are published in this proceedings
volume in the middle of papers submitted by more senior scientists, and there is no
way to find out who was the young investigator and who was not.

Asis true for the Chairs of any scientific meeting, our intent was to have the best
possible science presented, while also being able to relax and thoroughly enjoy the so-

Table 1. IPSAPS Country Representation.

USA 708 Taiwan 6
Japan 69 India 6
Canada 58 Spain 4
Germany 57 Poland 3
Switzerland 34 Norway 3
Italy 32 Latvia 3
Denmark 32 England 3
Korea 29 Czech Republic 3
France 28 Scotland 2
UK 26 Portugal 2
China 20 Argentina 2
Sweden 19 Slovenia 1
Australia 19 Singapore 1
Hungary 15 Saudi Arabia 1
Israel 14 Ireland 1
Netherlands 13 Greece 1
Russia 12 Finland 1
Belgium 11 Croatia 1
Brazil 8
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cial and local attractions. In the beautifully cooperative San Diego sun, the attendees
were able to enjoy both.

The scientific program covered almost every aspect of our ever-broadening field.
Topics covered during the week encompassed synthetic methods, combinatorial ap-
proaches, delivery methodologies, therapeutics, modeling and design, solid phase ap-
proaches, receptor specific interactions, biomaterials, immunology, as well as
genomics and bio-infomatics. The “Biologically active peptides’ category was chosen
asthe First Preference by almost 15% of all submitting authors. Two of the many high
points in the week’s scientific program were Garland Marshall’s Merrifield award lec-
ture entitled “From Merrifield to MetaPhore: A Random Walk with Serendipity” and
the plenary lecture by Craig Venter of Celera entitled “Genomics: From Microbes to
Man.”

This was the first American Peptide Symposium in which abstracts, manuscripts,
and galley proofs were submitted and communicated exclusively electronically. Even
though it was obviously the first contact with the computer submission for severa
peptide scientists, the manuscripts were successfully submitted after an average of 1.3
attempts. The major problem was the compatibility of the versions of text processors
and Internet browsers. We would like to express our thanks to the authors who fol-
lowed instructions for the preparation of the manuscript. We thank the rest of the au-
thors as well, even though they made our life a little more complicated. It was very
amusing to find out how many scientists named their manuscript file 17thaps.doc, in a
firm belief that their name is so unique that it would stand out in the middle of hun-
dreds of files named, as we suggested, for example SmithAB.doc. We would have
never guessed that we would get back the files containing the unchanged text of the
template (“...text text text text...”) under the different file name. Amusing were also
the attempts to squeeze four pages of text on the two pages of the template by very
creative shrinking of the font size and figures. However, we believe that our (authors’
and editors’) pains in preparation of this proceedings volume were good for learning
how to produce the next proceedings in the future. Our goal was to publish the book in
the year of the symposium. We have shown not only that it is achievable, but also that
it is theoretically possible to have the proceedings book ready in two months after the
symposium. The only requirement is the willingness of the authors to cooperate in this
effort. We would like to express our thanks to people who helped us most in editing
the book, Jutta Eichler, Jon Appel, and Eileen Weiler. And, last but not least, it was
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Fig. 1. Participants by Continent — TOTAL: 1,248.
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the effort of Bohumir Valter, in the Prague office, which made the publication of this
book in the year 2001 possible.

This is also the first symposium in which the proceedings are being published by
the American Peptide Society. The significance and benefits of the APS becoming its
own scientific publisher will become evident in the coming years. In addition, thisis
the first proceedings to be available electronically, as well as in hard copy. The sympo-
sium home page is now and will be available in the coming years (www.5z.com/aps).
You will always be able to come back to the abstract book, addresses of participants,
pictures from the symposium, collection of Merrifield resin bead memorials (see for
example Figure 2), and the electronic version of proceedings book.

Another first in this symposium was the award for the best joke delivered in the sci-
entific lecture. The success of the joke delivery was evaluated by the “joke commit-
tee” (the members of the committee do not wish to be named here) and by the
intensity of the audience response, evaluated by the audio-visual crew of AudioVisual
Reality, Inc., led by Kurt Dommers (thanks for the excellent AV support). The award
was given to Sandor Lovas, for his beer mug illustration of protein folding.

The Symposium Chairs tried to set precedence and minimize the length of “official
talks” at the opening and closing the symposium. Introductory talks took 13.5 minutes
and the closing ceremony was over in 42 minutes, maximizing thus the time for scien-
tific lectures in the first case and the dance party in the second case.

To the members of the Program Committee who assisted in organizing the scien-
tific program, your timely hard work was greatly appreciated. We are all grateful to
the Session Chair Pairs who kept the speakers to their allotted times and prompted
stimulating discussions. Very special thanks to Donna Freher-Lyons, Symposium Co-
ordinator, for her brilliant coordination efforts and Santa M. Pecoraro, Database Man-
agement, for her skillful assistance regarding the abstract and manuscript submissions.

The 18th American Peptide Society Symposium will be held on July 19-23, 2003 at
the Boston Marriott Copley Place in Boston, Massachusetts and will be chaired by Dr.
Tomi Sawyer. For more information, contact PCMI at (858) 565-9921.

Michal Lebl
Richard A. Houghten

Fig. 2. “ Merrifield resin bead memorial” on Prospect Street in San Diego. (If you happen to
have a similar picture, you areinvited to submit it to the collection available on symposium web
site, www.5z.com/aps.)
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Symposium Sponsor s and Exhibitors

The 2nd International Peptide Symposium/17th American Peptide Symposium grate-
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CSPS (Coshi Soft/Pepti Search)
EKA Chemicals

European Peptide Society

Xiv



FASEB

Flamma Spa

Genzyme Corporation

GL Biochem (Shanghai) Ltd.
Hyundai Pharm. Ind. Co., Ltd.
ISOCHEM, GROUPE SNPE
Japanese Peptide Society
Jupiter Bioscience Limited
Magellan Laboratories
Micromass, Inc.

Mimotopes

Multiple Peptide Systems, Inc., GROUPE SNPE
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ORPEGEN Pharma GmbH
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Peptides International
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UCB Bioproducts
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The American Peptide Society

The American Peptide Society (APS), a nonprofit scientific and educational organiza-
tion founded in 1990, provides aforum for advancing and promoting knowledge of the
chemistry and biology of peptides. The approximately one thousand members of the
Society come from North America and from more than thirty other countries through-
out the world. Establishment of the American Peptide Society was aresult of the rapid
worldwide growth that has occurred in peptide-related research, and of the increasing
interaction of peptide scientists with virtually all fields of science.

A major function of the Society is the biennial American Peptide Symposium. The
Society also sponsors the Journal of Peptide Research and Biopolymers (Peptide Sci-
ence), recommends awards to outstanding peptide scientists, works to foster the pro-
fessional development of its student members, interacts and coordinates activities with
other national and internationa scientific societies, sponsors travel awards to the American
Peptide Symposium, and maintains a website at www.chem.umn.edu/orgs/ampepsoc.

The American Peptide Society is administered by Officers and Councilors who are
nominated and elected by members of the Society. The Officers are: Tomi K. Sawyer,
President (ARIAD Pharmaceuticals); Murray Goodman, President-Elect (University
of California-San Diego); Arno F. Spatola, Secretary (University of Louisville); and
Richard A. Houghten, Treasurer (Torrey Pines Institute for Molecular Studies). The
Councilors are: Fernando Albericio (University of Barcelona); Jean Chmielewski
(Purdue University); Charles M. Deber (Hospital for Sick Children, University of To-
ronto); Gregg B. Fields (Florida Atlantic University); Victor J. Hruby (University of
Arizona); Barbara Imperiali (Massachusetts Institute of Technology); Teresa M.
Kubiak (Pharmacia & Upjohn, Inc.); Thomas Lobl (Newbiotics, Inc.); Robin Offord
(GeneProt, Inc. and University of Geneva); Daniel H. Rich (University of Wiscon-
sin-Madison); Arno F. Spatola (University of Louisville); and James P. Tam
(Vanderbilt University).

Membership in the American Peptide Society is open to scientists throughout the
world who are engaged or interested in the chemistry or biology of peptides and small
proteins. Categories of membership include Active Member, Associate Member, Stu-
dent Member, Emeritus Member and Honorary Member. For application forms or fur-
ther information on the American Peptide Society, please visit the Society web site at
www.chem.umn.edu/orgs/ampepsoc or contact Donna M. Freher-Lyons, APS Mem-
bership Coordinator, Torrey Pines Institute for Molecular Studies, 3550 General
Atomics Ct., San Diego, CA 92121 USA.; tel (858)455-4752; fax (858) 455-2545;
e-mail “APS_Member@tpims.org”.

International Liaison Committee of Peptide Societies

This year we were very pleased that the 2nd International Peptide Symposium was
held in conjunction with the 17th American Peptide Symposium. International Peptide
Symposia are held every 3 or 4 years together with an American, Australian, Euro-
pean, or Japanese Peptide Symposium, as agreed upon by the International Liason
Committee of Peptide Societies. The First International Peptide Symposium was held
in Kyoto, Japan in 1997. The Third International Peptide Symposium will be held in
Israel in 2004.
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The Merrifield Award

(previously the Alan E. Pierce Award)

Endowed by Rao Makineni (1997)
Sponsored by the Pierce Chemical Company (1977—-1995)

Garland R. Marshall

The Bruce Merrifield Award for outstanding career
achievements in peptide research was presented by the
American Peptide Society to Garland R Marshall.

Garland R. Marshall is currently Professor of Biochem-
istry and Molecular Biophysics and of Biomedical Engi-
neering and a member of the Center for Computational
Biology at Washington University Medical School in St.
Louis, Missouri. He was born in San Angelo, Texas in
1940; graduated from Rusk High School (Rusk, Texas) in
1958; and the California Institute of Technology with a
B.S. in biology in 1962. He received his Ph.D. in 1966
from the Rockefeller University and was immediately re-
cruited to a faculty position at Washington University Medical School where he has
remained, rising to Professorial rank in 1976.

Prof. Marshall has been a significant factor in the development of two important
technologies that have revolutionized the practice of biological sciences. First was the
development of solid-phase synthesis starting as the first graduate student in the labo-
ratory of R. Bruce Merrifield, Nobel Laureate, during the initial development of pep-
tide synthesis using a polymeric support. His second scientific area of significant
impact was the development of molecular modeling and associated computer graphics
approaches to three-dimensional structure-activity studies and the design of novel
therapeutics. Starting in 1967 at Washington University, Marshall and his colleagues
developed algorithms that allowed analysis of three-dimensional structures of sets of
molecules active at the same receptor. From these analyses, predictive models were
obtained which could be used to guide the synthesis of novel compounds as potential
new drugs. In 1979, Marshall founded a company, Tripos (Nasdagq, TRPS), that fur-
ther developed and marketed software in this area.

His scientific contributions to specific areas have also been significant. Marshall
first described a peptide inhibitor of the angiotensin 11, a hormone involved in hyper-
tension. He has led the exploration of peptidomimetics and the use of chimeric amino
acids in determining the receptor-bound conformation of peptides. Marshall pioneered
the development of HIV protease inhibitors for the treatment of AIDS; the first crystal
structure of HIV protease complexed with an inhibitor utilized the inhibitor MV T-101
from the Marshall lab. He has also shown through molecular simulations the dynami-
cally nature of the helical conformation of peptides. Most recently, Marshall has ex-
perimentally determined the conformation of a peptide ligand when bound to a
G-protein coupled receptor. Exploration of the molecular interaction between rhodop-
sin and its G-protein, transducin, and the mechanism of signal transduction is a current
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focus of his research. In the last few years, modeling of metals in biological systems
has also become a research objective. To compliment this interest, Prof. Marshall
founded a second company, MetaPhore Pharmaceuticals, in 1995 to develop novel lig-
ands for metals through combinatorial chemistry for therapeutic applications. An en-
zyme mimetic of superoxide dismutase developed by MetaPhore entered clinical trials
the first quarter of 2001.

2001
1999
1997
1995
1993
1991
1989
1987
1985
1983
1981
1979
1977

XX

Garland R. Marshall, Washington University Medical School
Daniel H. Rich, University of Wisconsin-Madison

Shumpei Sakakibara, Peptide Institute, Inc.

John M. Stewart, University of Colorado-Denver

Victor J. Hruby, University of Arizona

Daniel F. Veber, Merck Sharp & Dohme

Murray Goodman, University of California-San Diego

Choh Hao Li, University of California-San Francisco

Robert Schwyzer, Swiss Federal Institute of Technology
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Bruce Merrifield, The Rockefeller University

Miklos Bodanszky, Case Western Reserve University



Peptide Society Travel Grants

Name
Richard S. Agnes
Shawn |. Ahmed

Isabel M.D. Alves
Enrique Arevalo
Christopher J. Armishaw

Dorit Avrahami
Marco A. Bennett
Alberto Bianco

Zsolt Bozso
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Khee Dong Eom
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Yanwen Fu
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Lars G.J. Hammarstrom
Elana Hariton-Gasal

Bengt Erik Haug

Shu He

Roseanne M. Hofmann
Koen Iterbeke
Malcolm J. Kavarana
Sanjay K. Khare

Institution

University of Arizona, Tucson

Creighton University, Omaha

University of Arizona, Tucson

College of Staten Island, New Y ork
Institute for Molecular Bioscience,
Australia

Weizmann Institute of Science, |srael
University of Maryland, Baltimore
Institut de Biologie Moléculaire
Cellulaire, France

Creighton University, Omaha

University of Wisconsin, Madison
Kyushu Institute of Technology, Japan
INRS - Institut Armand-Frappier, Canada
University of Louisville

University of Wisconsin, Madison

The Chinese University of Hong Kong
University of Alberta, Canada
Shemyakin-Ovchinnikov Institute

of Bioorganic Chemistry, Russia
University of Pennsylvania, Philadelphia
The Ohio State University, Columbus
Universita' di Salerno, Italy

College of Staten Island, New Y ork
Vanderbilt University, Nashville
University of Wisconsin, Madison
University of Wolverhampton, UK
Universidade Federal de Sao Paulo,
Brazil

The Hebrew University of Jerusalem,
Israel

Louisiana State University, Baton Rouge
University of Delaware, Newark
Louisiana State University, Baton Rouge
University of Pennsylvania, Philadelphia
University of Arizona, Tucson

Institute of Pharmacology RAMS, Russia
Institute of Organic Chemistry and
Biochemistry TUM, Germany

Louisiana State University, Baton Rouge
The Hebrew University of Jerusalem,
Israel

University of Tromso, Norway
University of Pennsylvania, Philadelphia
Rockefeller University, New York

Free University of Brussels, Belgium
University of Arizona, Tucson

College of Staten Island, New Y ork

Ekaterina F. Kolessanova Institute of Biomedical Chemistry

RAMS, Russia

Mentor

Victor J. Hruby
Sandor Lovas
Victor J. Hruby
Fred Naider
Paul Alewood

Y echiel Shai
Jane V. Aldrich
Jean-Paul Briand

Sandor Lovas
Daniel H. Rich
Kouji Okamoto
Alain Fournier
Arno F. Spatola
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Robert S. Hodges
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Fred Naider

James P. Tam

Daniel H. Rich

John Howl

Antonio Miranda
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Robert P. Hammer
Joel P. Schneider
Mark L. McLaughlin
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Victor J. Hruby

Horst Kessler

Mark L. McLaughlin
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John S. Svendsen
Dewey McCafferty
Tom Muir

D. Tourwé

Victor J. Hruby
Fred Naider
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Goran Kragol
Zoltan Kupihar
Darin L. Lee
Inta Liepina

Rong-Quiang Liu
Elsa Locardi

Leo Solomon Lucas
Jan Marik

Marc N. Mathieu
Alessandro Moretto
Umut Oguz

Michael M. Palian
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Kshitij A. Patkar

Jan A. Piron
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Wei Wang

Andrzej M. Wilczynski
Chiyi Xiong
Quingcha Xu
Christine R. Xu

Dror Yahalom
Natalya |. Zaitseva

Zhanna V. Zhilina
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The Wistar Institute, Philadel phia
University of Szeged, Hungary
University of Colorado, Denver
Latvian Institute of Organic Synthesis,
Latvia

University of Minnesota, Minneapolis
Institute of Organic Chemistry and
Biochemistry TUM, Germany

Eastern Michigan University, Y psilanti
Academy of Sciences of the
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University of Arizona, Tucson
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University of Texas, Houston
University of Toronto, Canada
University of Arizona, Tucson
University of Toronto, Canada
Universidad Nacional Del Litoral
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University of Minnesota, Minneapolis
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University of Kansas, Lawrence
Harvard Medical School, Boston
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Russia
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2-Nal
3-Pal
Abc

Abh

Abl
Abu
Abu
Abz
Abz
AC
Aca
ACHPA

Acm

Adc

Ado
AEDANS

AEDI

AFM
Ahd

Ahp
AHPPA

Ahx
Aib
AIBN

All
Al
Alloc
AM
Amb

AMBER

AMC
Amc

Abbreviations

3-(2-naphthyl)alanine
3-(3-pyridinyl)alanine
4'-aminomethyl-2,2'-
bipyridine-4-carboxylic
acid

azabicyclo[2.2.1] heptane-

2-carboxylic acid
Abelson kinase
a-aminobutyric acid
a-amino-n-butyric acid
2-amino-benzoic acid
2-aminobenzoyl
adenylyl cyclase
adamantanecarboxyl
4-amino-5-cyclohexyl-
3-hydroxypentanoic
acid

acetamidomethyl
10-aminodecanoic acid
12-aminododecanoic acid
5-[(2-aminoethyl)amino]-
naphthalene-1-sulfonic
acid
aminoethyldithio-2-
isobutyric acid

atomic force microscopy
2-aminohexadecanoic
acid

2-aminoheptanoic acid
4-amino-3-hydroxy-5-
phenylpentanoic acid
6-aminohexanoic acid
a-aminoisobutyric acid
2,2'-azobisisobutyro-
nitrile

angiotensin |1

alyl

alyloxycarbonyl
alveolar macrophage
4-(aminomethyl)benzoic
acid

assisted model building
and energy refinement
aminomethylcoumaride
4-(aminomethyl)cyclo-
hexanecarboxylic acid

AMCA
Amn
AMPA
ANS

Aoc
APB

APC
Apn
Arg-al
Arg-ol
ATP
AUC
Aun

Ava
AVP
BAL
BApPG

BBB
Bes

BHA
Bhoc
Bicine

Bip

BK
BMAP

BME

Bn

Boc

Boc, tBoc
BOC,0
Boc-ON

Bom

7-amino-4-methyl-
coumarin-3-acetic acid
8-(aminomethyl)naphth-
2-oic acid
o-aminomethylphenyl-
acetic acid
8-anilino-I-naphthalene-
sulfonic acid
8-aminooctanoic acid
(4-amino)phenylazo-
benzoic acid

antigen presenting cell
5-aminopentanoic acid
argininal

argininol

adenosine triphosphate
area under the curve
11-aminoundecanoic
acid

5-aminovaleric acid
Arg8-vasopressin
backbone amide linker
N,N-bis(3-aminopropyl)-
glycine

blood-brain barrier
N,N-bis[2-hydroxyethyl]-
2-aminoethanesulfonic
acid

benzhydrylamine
benzhydryloxycarbonyl
N,N-bis[2-hydroxyethyl]-
glycine

biphenylalanine,
4-phenyl-phenylalanine
bradykinin

bovine myeloid
antimicrobial peptide
[3-mercaptoethanol
benzyl
tert-butyloxycarbonyl
t-butyloxycarbonyl
di-tert-butyl dicarbonate
2-tert-butyloxy-carbonyl-
amino-2-phenylaceto-
nitrile

benzyloxymethyl
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Abbreviations

BOP

BOP-CI

Bpa
BPTI

Bpy
But, tBu
Bz

Bzl
CAMM

Cba

Cbz, Z
CCK
CD

CDI

CF
CFU
Cha
CHA
CHAPS

cHex
Chg
Clt
Cl-z

Cpa
Cpg
CRF

CTL
Dab

DBU

Dbu
DCC

DCHA
DCM
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(benzotriazol-1-yloxy)-
tris(dimethylamino)-
phosphonium hexafluoro-
phosphate
N,N’-bis(2-0x0-3-0xa-
zolidinyl)phosphonic
chloride
p-benzoylphenylalanine
bovine pancreatic trypsin
inhibitor

2,2'-bipyridine

t-butyl

benzoyl

benzyl

computer assisted molecu-
lar modeling
2-amino-4-cyanobutanoic
acid

benzyloxycarbonyl
cholecystokinin

circular dichroism
N,N’-carbonyldiimidazole
5(6)-carboxyfluorescein
colony forming units
cyclohexylalanine
cyclohexylamine
3-[(3-cholamidopropyl)-
dimethyl-ammonio]-I-
propanesul fonate
cyclohexyl
cyclohexylglycine
2-chlorotrityl
2-chlorobenzyloxy-
carbonyl
4-chlorophenylalanine
cyclopentylglycine
corticotropin releasing
factor

cytotoxic T-lymphocyte
2,4-diaminobutyric acid
2,3-diaminopropionic acid
1,8-diazabicyclo[5.4.0]-
undec-7-ene
2,4-diaminobutyric acid
N,N-dicyclohexylcarbo-
dimide
dicyclohexylamine
dichloromethane

Dde
DDQ
Ddz

DEA
Deg
DHFR
DHP
DIAD

Dibal-H

DIC
DIEA

DIPCDI

DMA
DMAP

DME
DMER-Plot

DMF
Dmob
DMS
DMSO
Dnp
DOPC

DPDPB

Dpg
Dpm
DPPA
DTT
DVB
EAE

EBP
EBV

ECD

1-(4,4-dimethyl-2,6-dioxo-
cyclohexylidene)ethyl
2,3-dichloro-5,6-dicyano-
1,4-benzoquinone
2-(3,5-dimethoxyphenyl)-
propyl[2]oxycarbonyl
diethylamine
diethylglycine
dihydrofolate reductase
3,4-dihydro-2H-pyran
diisopropyl azodi-
carboxylate
diisobutylaluminium
hydride
diisopropylcarbodiimide
N,N-diisopropylethyl-
amine
N,N’'-diisopropylcarbo-
diimide
N,N-dimethylacetamide
4-(dimethylamino)-
pyridine
dimethoxyethane, glyme
difference minimum
energy Ramachandran
plot
N,N-dimethylformamide
2,4-dimethoxybenzyl
dimethy! sulfide
dimethyl sulfoxide
2,4-dinitrophenyl
dioleoyl-DL-3-phospha-
tidylcholine
[(1,4-di-[3'-(2'-pyridyl-
dithio)propionamido]-
butane
di-n-propylglycine
diphenylmethyl
diphenylphosphoryl azide
dithiothreitol
divinylbenzene
experimental allergic
encephalomyelitis
erythropoietin binding
protein
Epstein-Barr-virus
extracellular domain
median effective dose



EDC

EDT
EDTA

EEDQ

EGF
EGFR
EGS

ELISA
EMP

EPO
ES-MS

ESR
Et,0
ET-I
FAB-MS

FACS

FceRlI
FITC
Fm
fMLP
Fmoc

For
FTIR
GdnHCI

GFC
Gla
GIcNAc
GMO
GPCR

Gpllb/llla
Grb2

GRF

1-(3-dimethylamino-
propyl)-3-ethyl carbo-
diimide hydrochloride
1,2-ethanedithiol
ethylenediaminetetra-
acetic acid
2-ethoxy-I-ethoxycarbo-
nyl-1,2-dihydroquinoline
epidermal growth factor
EGF receptor

ethylene glycol
bis-succinyl
enzyme-linked immuno-
sorbent assay
erythropoietin mimetic
protein

erythropoietin
electrospray mass
spectrometry

electron spin resonance
diethyl ether
endothelin-I

fast atom bombardment
mass spectrometry
fluorescence-activated
cell sorting
|gE-receptor
fluorescein isothiocyanate
9-fluorenylmethyl
formyl-Met-Leu-Phe
9-fluorenylmethoxy-
carbonyl

formyl

Fourier transform infrared
guanidinium
hydrochloride

gel filtration
chromatography
y-carboxyglutamic acid
N-acetylgal actosamine
glycerol monooleate
G-protein-coupled
receptor

glycoprotein I1b/ll1a
growth factor receptor-
bound protein 2

growth hormone releasing
factor

GS
GSH
GSSG
GST
HATU

HBTU

HBV
HCV
HDV

Heppso

HFIP
HG
HIMBA

HIMPA
HIV

HLA
HMBA

HMPA
HMPB

HOAt

HOBt

HONp
HOSu
HPLC

HPV
Hse
HTLV

Htyr

Hyp
i.v.

Abbreviations

gramicidin S

reduced glutathione
oxidized glutathione
glutathione S-transferase
N-[(dimethylamino)-1H-
1,2,3-triazolo[4,5-bi-
pyridin-1-yl-methylene]
N-methyltmethanaminium
hexafluorophosphate
N-oxide
2-(IH-benzotriazol-1-yl)-
1,1,3,3-tetramethyl-
uronium hexafluoro-
phosphate

hepatitis B virus

hepatitis C virus

hepatitis delta virus
N-[2-hydroxyethyl]-
piperazine-N'-[2-hydroxy-
propane]sulfonic acid
hexafluoroisopropanol
human gastrin
4-hydroxymethylbenzoic
acid
4-hydroxymethylphenoxy-
acetic acid

human immunodeficiency
virus

human leukocyte antigen
4-hydroxymethylbenzoic
acid
hexamethylphosphoramide
4-(4-hydroxy-3-methoxy-
phenoxy)-butanoic acid
1-hydroxy-7-azabenzo-
triazole
1-hydroxybenzotriazole
p-nitrophenol
N-hydroxysuccinimide
high performance liquid
chromatography

human papilloma virus
homoserine

human T cell leukemia
virus

homotyrosine
hydroxyproline
intravenous
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Abbreviations

IAPP

IFN
iNOS

Inp
IP3
IPE
ITC

KHMDS

LAH
LDA
LDL
LHR
LiIHMDS

LNC
LPS
LUV
mAb
MALDI

MALDI-TOF
MAP
Mbc

MBHA

MBP
Mbzl
mCPBA
MCR
MD
MDP
MeCN
Melm
MeOBzI
MeOSuc
Mes

MHC

MIC
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islet amyloid polypeptide
50% inhibition
concentration

interferon

inducible nitric oxide
synthetase

i sonipecotic acid

inositol trisphosphate
isopropyl ether
isothermal titration
calorimetry

potassium
hexamethyldisilazane
lithium aluminum hydride
lithium diisopropylamide
low density lipoprotein
lutropin receptor

lithium bis(trimethylsilyl)-
amide/lithium hexamethyl
disilazide

lymph node cells
lipopolysaccharide

large unilamelar vesicle
monoclonal antibody
matrix-assisted laser
desorption/ionization
MALDI time-of-flight
multiple antigenic peptide
4'-methyl-2,2'-bipyridine-
4-carboxylic acid
p-methylbenzhydryl-
amine

myelin basic protein
4-methoxybenzy!
3-chloroperbenzoic acid
melanocortin receptor
molecular dynamics
muramy! dipeptide
acetonitrile
methylimidazole
p-methoxybenzyl
methoxysuccinyl
2-[N-morpholino]ethane-
sulfonic acid

major histocompatibility
complex

minimum inhibitory
concentration

MIF
MMA

MMP
Mmt
MS
MsCI
MSH

MSNT
Mtr

Mts
Mtt
NADPH

NECA
NEM

Nic
Nip
NIR-FT

NK-1

NKA
NKB
NMM
NMMO

NMP
NMR

NO
nOct
NOE
NOESY

Nps
NPY
Npys
NSG
NTA
Nva

macrophage migration
inhibitory factor
N-methylmercapto-
acetamide

matrix metalloproteinase
4-methoxytrityl

mass spectrometry
methanesulfony! chloride
melanocyte stimulating
hormone (melanotropin)
2,4,6-mesitylene-sulfonyl-
3-nitro-1,2,4-triazolide
2,3,6-trimethyl-4-methoxy-
benzenesulfonyl
mesitylene-2-sulfonyl
4-methyltrityl
nicotinamide adenine
dinucleotide phosphate,
reduced form
5'-N-ethylcarboxamido-
adenosine
N-ethylmorpholine;
N-ethylmaleimide
nicotinyl

nipecotic acid
near-infrared Fourier-
transform

neurokinin-1 receptor
(substance P receptor)
neurokinin A

neurokinin B
N-methylmorpholine
N-methylmorpholine-
N-oxide
N-methylpyrrolidone
nuclear magnetic
resonance

nitric oxide

n-octanoy!

nuclear Overhauser effect
nuclear Overhauser
enhanced spectroscopy
2-nitrophenylsulfenyl
neuropeptide Y
5-nitro-2-pyridinesul fenyl
N-substituted glycine
nitrilo-triacetic acid
norvaline



OChx
OHA
OHx
Qic

ONp
OPCP
Opfp
OPhe
OPT
Orn
Osu

PAC

Pac
PAL

Pam
PAM
PBMC

PBS
PCC
PCR
Pd/C
PDC
PDI

PEG
PEGA

PEG-PS
Pen

Pfb

Pfp
pGlu
Phg

defined sequence position
in peptide libraries
cyclohexyl ester
octahydroacridine

hexy! ester
octahydroindolyl-2-
carboxylic acid
4-nitrophenyl ester
pentachlorophenyl ester
pentafluorophenyl ester
phenyl ester
oligopeptide transport
ornithine
N-hydroxysuccinimide
ester

peptide acid linker,
p-alkoxybenzy! ester;
phenacyl

phenylacetyl

peptide amide linker,
5-(4-Fmoc aminomethyl-
3,5-dimethoxyphenoxy)-
valeric acid

palmitoyl
phenylacetamidomethyl
peripheral blood
mononuclear cells
phosphate-buffered saline
phosphatidylcholine
pyridinium
chlorochromate
polymerase chain reaction
palladium on carbon
pyridinium dichromate
protein disulfide
isomerase

polyethylene glycol
polyethylene glycol
acrylamide copolymer
polyethylene glycol-
polystyrene graft polymer
penicillamine
2,2,4,6,7-pentamethy|-
dihydrobenzofuran-5-
sulfonyl
pentafluorophenyl
pyroglutarnic acid
phenylglycine

Pl
Pip
PLC
PLN
PLP
PM
Pmc

pMeBz
Pmp

pPNA
PPCE

PS
PS-SCL
PTH
PTHIP

PTK
PTP

PTR

pTyr
PyAOP

PyBOP

QSAR

RGD
RMSD

RNA
RP-HPLC
rt/RT/r.t.
Sar

SAR

SCLC
SCLs

SD
SP

Abbreviations

phosphatidylinositol
pipecolic acid
phospholipase C
phospholamban
proteolipid protein
plasma membranes
2,2,5,7,8-pentamethy!-
chroman-6-sulfonyl
p-methylbenzyl
4-phosphonomethy!|-
phenylalanine
p-nitroaniline
post-proline cleaving
enzyme

polystyrene

positional scanning SCL
parathyroid hormone
parathyroid hormone
related protein

protein tyrosine kinase
protein tyrosine
phosphatase

peptide transport
phosphotyrosine
(7-azabenzotriazol-1-
yloxy)tris(pyrrolidino)-
phosphonium
hexafluorophosphate
(benzotriazol-1-yloxy)-
tris(pyrrolidino)phospho-
nium hexafluoro-
phosphate

quantitative structure-
activity relationships
Arg-Gly-Asp

root mean square
deviation

ribonucleic acid
reversed-phase HPLC
room temperature
sarcosine

structure activity
relationships

small cell lung cancer
synthetic combinatorial
libraries

standard deviation
substance P
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Abbreviations

SPPS

SPR

Sta

StBu
Suc
SUAY
TASP

TBA
TBAF

TBDMS
TBTU

TCEP

TEA
TEMP

TEOF
TES
TFA
TFE
TFFH

TFMSA
THF
Thi

THP
Thz

XXX

solid-phase peptide
synthesis

surface plasmon
resonance

statine, 2-amino-
3-hydroxy-6-methyl-
heptanoic acid
t-butylthio

succinyl

small unilamellar vesicle
template-assembled
synthetic protein(s)
t-butylammonium salt
tetra-n-butylammonium
fluoride
tert-butyldimethylsilyl
2-(1H-benzotriazol-yl)-
1,1,3,3-tetramethyl-
uronium tetrafluoroborate
tris-(2-carboxyethyl)-
phosphine
triethylamine
2,3,5,6-tetramethyl-
pyridine
triethylorthoformate
triethylsilane
trifluoroacetic acid

2,2, 2-trifluoroethanol
tetramethylfluoro-
formamidinium
hexafluorophosphate
trifluoromethane-
sulfonic acid
tetrahydrofuran
3-(2-thienyl)alanine
triple-helical peptide
thiazolidine-4-carboxylic
acid, thioproline

Tic

TIS
TLC
Tle

TMH
Tmob
TMP
TMS-CI
TMSOTf

TOAC

TOCSY

Tos
TRH

Tris
Trt

TsOH
TSTU

Tyr(NO,)
X

XAL

1,2,3,4-tetrahydroiso-
quinoline-3-carboxylic
acid

triisopropy! silane

thin layer chromatography
tert-leucine/C-tert-butyl
glycine

transmembrane helix
2,4,6-trimethoxybenzy!|
2,4,6-trimethylpyridine
trimethylsilyl chloride
trimethylsilyloxytrifluoro-
methanesulfonate
2,2,6,6-tetramethy!-

pi peridine-l1-oxyl-4-amino-
4-carboxylic acid

total correlation
spectroscopy
4-toluenesulfonyl
thyrotropin-releasing
hormone
tris(hydroxymethyl)-
aminomethane

trityl (triphenylmethyl)
p-toluenesulfonic acid
O-(N-succinimidyl)-
1,1,3,3-tetramethyl-
uronium tetrafluoroborate
3-nitrotyrosine
randomized sequence
position in peptide
libraries
5-(9-aminoxanthen-
2-oxy)valeric acid
9H-xanthen-9-yl

xanthyl
benzyloxycarbonyl
[3-cyclodextrin
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Introduction

It isthe highpoint of my career to receive this award, named in honor of my Ph.D. mentor,
Bruce Merrifield. Thereis little that | can add to what we all know regarding the im-
pact that Bruce has had on peptide research. Certainly, he has had a more significant
impact on my scientific development than any other individual. | do need, however, to
acknowledge from the start that | have made a habit of associating myself with out-
standing individuals, such as Bruce, who have made me look good. My mother always
advised, “Y ou are known by your friends” and | took those words to heart. | also need
to acknowledge the support of my wife Suzanne, our four children and their spouses
for their sacrifices and encouragement over the many years. Suzanne and | are in the
middle of our 42nd year of marriage. She received a Ph.T. (put husband through) de-
gree from Caltech when | graduated in 1962, and has never wavered in her support. So
my thanks to my family, students, postdocs and collaborators for allowing me to be as-
sociated with their lives; this award belongs to you collectively.

What | would like to share with you is an intellectual journey, a quest that has dom-
inated my scientific career. The problem of molecular recognition manifests itself in
many contexts; | will focus on one of its manifestations, G-protein coupled receptor
(GPCR) activation. | would also like to emphasize those colleagues who have domi-
nated my intellectual development and impacted my branch-point decisions. As you
will discover, my career has been stochastic; unanticipated opportunities have been
discovered and exploited, new paradigms and software have been developed, some of
which has even turned out useful.

The Quest

The quest began, some 40 years ago, in 1961 as an undergraduate at Caltech where | was
trying my hand at research with a neurophysiologist, Prof. Anton van Harreveld.
Somehow the idea of isolating the acetylcholine receptor from denervated skeletal
muscle seemed like a good project, and | began my quest to understand how a small
molecule can interact with a transmembrane receptor and transmit a signal to the inte-
rior of the cell. | will describe our hypothesis for GPCRs at the end of this lecture. The
Caltech research project was a dismal failure, but | was determined to continue the
quest and went to Rockefeller University to further my education in neurophysiology.
In my stochastic way, | started my research in immunology with Prof. Henry Kunkel
who suggested using peptide hormones as haptens for developing immunoassays.
Berson and Yalow had just reported the immunoassay for insulin for which they later
received the Nobel Prize. The project required attaching the octapeptide angiotensin |1
to a protein carrier before injecting it into a rabbit. Henry suggested | go ask Bruce
Merrifield the best way to conjugate All, and the rest is history. We picked a protocol
and | injected the rabbits, got some All-antibody titre, but needed a larger supply of
All. I'm embarrassed to admit today that my thesis consisted only of the solid-phase
synthesis of an octapeptide, All, and an investigation of the potential side reaction,
aspartyl a—3 rearrangement [1]. But those times were different; first you had to make
all your protected Boc amino acids from scratch, amino acid analysis was a 24-h col-
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umn with manual colorimetric analysis, no HPLCs, if you can imagine it, etc. Defi-
nitely not the good old days!

But there were compensations, Lyman Craig, the inventor of counter-current distri-
bution that we used for purification, was one floor up; Stanford Moore and William
Stein, the protein chemists who invented the amino acid analyzer and later shared the
Noble Prize, were two floors up. These were golden days as | was Bruce's apprentice,
overnight trouble shooter for the first automated synthesizer, and a goad to generalize
the approach beyond peptide chemistry (in fact, | prepared dTT, a dinucleotide on a

Fig. 1. A graduate student’s view of R. Bruce Merrifield (1962—1966).

polymer in Bruce's lab in 1965, but abandoned the project as premature considering
the limited development of nucleotide chemistry at that point). This perspective that
was shared with a few synthetic chemists such as Leznoff [2] is somewhat ironic con-
sidering the recent explosion in combinatorial chemistry and the delay for the syn-
thetic organic community to discover the advantages of a filterable protecting group.
Many of the major figures of science of that day came to do homage. | remember the
Nobel Laureate in Chemistry, Sir Robert Robinson, pulling me aside during a visit and
telling me how lucky | was to be working with Prof. Merrifield whom he intended to
nominate for a Nobel Prize. That was 1964; it only took 20 years for that nomination
to be confirmed.

Certainly, the association with Bruce impacted my career. | gave atalk at the Feder-
ation meeting in 1965 on the synthesis of All by SPS and was recruited to Washington
University Medical School as aresult. | gave up a postdoc that Stanford Moore had ar-
ranged for me with Per Edman in Australia to develop solid-phase Edman degrada-
tion, and accepted a position in the Department of Physiology & Biophysics to teach
endocrine physiology starting in 1966, with a joint appointment in Biological Chemis-
try headed by Prof. P. Roy Vagelos. | wrote my first successful NIH grant prior to my
Ph.D. thesis, and spent the summer of 1966 as a guest in Prof. Geoffrey Young'slab at
Oxford to experience the classic solution approach to peptide chemistry.

Molecular Modeling. My last year at Rockefeller was very influential. | had naively
assumed that the ability to change the chemical structure of a peptide hormone would
readily allow a rapid understanding of its recognition requirements. While it was rela-
tively easy to identify those residues (Tyr4, His6 and Phe8 in angiotensin 11, for exam-
ple) that were crucial for recognition, their three-dimensional arrangement, the
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receptor-bound conformation, required for activation of the receptor proved problem-
atic due to the inherent flexibility of small peptides. A young assistant professor,
George Nemethy, had just been recruited from Cornell from the group of Prof. Harold
Scheraga. | convinced him that | needed to understand the computational approach to
protein conformation that was just emerging [3] and he agreed to tutor me. This expo-
sure became the basis for much that followed.

Upon my arrival in St. Louis, | began the construction of the second automated
solid-phase synthesizer adapting the design of the original to include a subroutine im-
plemented with relays to save spaces on the rotary drum programmer. My colleague,
Charles Molnar from across the hall, worked on auditory physiology and used to come
watch me and listen to my explanations, occasionally breaking into agrin. As a gradu-
ate student, he had helped design and construct the LINC, the first laboratory com-
puter [4] at MIT, and the predecessor to the PDP8 and Digital Equipment Company.
He knew, as | was later to discover, why the only serious attempt to use relaysin com-
puters was abandoned; they chatter and generate multiple signals. But this became the
basis of alifelong friendship and my collaboration with computer scientists and engi-
neers in molecular modeling. Within a year, we had a prototypical molecular modeling
system, CHEMAST, running in a LINC with two thousand words of 12-bit memory
and an oscilloscope output [5]. We recruited Dr. C. David Barry, a British physicist,
from the Levinthal group at MIT (Project Mac and the first molecular graphics) and
Robert Ellis, a computer scientist at Washington University, to help with software and
hardware development in molecular modeling.

Fig. 2. Prof. Wesley Clark with LINC computer. A molecular modeling system CHEMAST uti-
lized this primitive computer with an oscilloscope for graphical output.

a-Alkyl Amino Acids. By 1969, we were sufficiently advanced to run a workshop
on molecular modeling in St. Louis with Prof. Robert Schwyzer, a former winner of
this award, of the ETH sending one of his graduate students. Heinz Bosshard returned
as a postdoc and colleague, a productive association that lasted for over 10 years.
Heinz and | applied our software to generate Ramachandran plots of the effects of
methyl for proton substitution on the peptide backbone [6]. Much to our surprise at the
time, the impact of replacing the a-proton of a peptide with a methyl group imposed a
dramatic constraint on the local backbone conformation, favoring the right- or
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left-handed a-helix. This observation has been verified and extended by numerous
colleagues over the years, but especially by the groups of Leplawy, Balaram, Toniolo,
and Karle. This initiated a program to synthesize, resolve and incorporate a-methyl
amino acids into bioactive peptides to limit their conformations and probe receptor se-
lectivity. We studied angiotensin, bradykinin, TRH, glutathione, opioids, etc. and
were pleased when several of our analogs retained significant biological activity sug-
gesting reverse-turn conformations for the backbone at the substituted amino acids
with receptor recognition of the side chains as they were arrayed in three dimensions
on the different turn motifs.

Improvements in SPS. We were, of course, simultaneously attempting to improve
the general solid-phase approach to peptide synthesis. | wandered off into the oxida-
tion chemistry of indoles and scavengers in my efforts to include tryptophan in SPS.
My first postdoc, Pier-Giorgio Pietta, came from the Weygand group and helped de-
velop the benzhydryl resin for synthesis of peptides with C-terminal amides [7], a
common feature of biologically active peptides such as oxytocin, vasopressin, TRH,
LHRH, etc. Theissue of truncation in SPS arose as well when we attempted to synthe-
size [8] acyl carrier protein (ACP), a key component of fatty acid synthesis and the
scientific focus of the Vagelos research group. The C-terminal sequence of ACP be-
came a standard test for various protocols attempting to deal with aggregation of the
growing peptide chain on the polymer. | have been amazed that the phenomenon has
turned out to be so reproducible in different labs with different batches of polymers.
Bill Hancock and David Prescott utilized %6Cl to demonstrate [9] in our lab that parts
of the polymer matrix became inaccessible to solvent as a function of peptide length
and then became reactive again once the truncation segment was passed. Steve Kent
later spent considerable effort exploring this problem and suggested that aggregation
of the growing peptide chain within the polymeric matrix was the underlying cause of
changes in accessibility of the growing peptide chain.

We successfully prepared a 74-residue synthetic acyl carrier protein that the
Vagelos lab could not distinguish by either enzymatic or analytical biochemistry from
the naturally isolated protein [8]. | was invited to the European Peptide Symposium in
1971 in Vienna and presented our ACP synthesis. | had never been flayed in public or
private as efficiently before or since; the classic solution giants of peptide chemistry,
Klaus Hoffman, Eric Wunsch and several others considered my presentation an affront
as | had not isolated and characterized each intermediate during the synthesis. Ralph
Hirshmann saw the impact of their criticism and invited me to have a drink with him
where he put things into perspective. That was the beginning of along friendship with
this gentle giant of medicinal chemistry, another former winner of this award. This
meeting also gave me a chance to enhance my friendship with Josef Rudinger, the
Czech peptide chemist and polyglot. Joe Rudinger had more insight and diplomatic
skill in sharing his insight into science and its practitioners without causing offense
that anyone | have ever met. He was an inspiration through his writings on peptide-
receptor interactions, and would have been my mentor on a sabbatical had the Czech
regime not been suppressed. | did take the sabbatical in 1975 at Massey University in
New Zealand with Bill Hancock, a former Vagelos postdoc who had worked on ACP.
This sabbatical solidified the decision to focus my efforts on computer-aided drug de-
sign upon my return to Washington University, and leave the optimization of
solid-phase peptide chemistry to Bruce Merrifield, Steve Kent, Jimmy Tam, and others
with more expertise in synthetic chemistry.
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Enzyme Inhibitors. Because of our exposure to the biology of the renin-angiotensin
system, we set out, as did many others, to develop an inhibitor of renin. We had been
successful with the development of the first competitive inhibitor of the interaction of
All with its receptor [10] with Phil Needleman, a long-time collaborator, and pharma-
cologist of considerable repute due to his discovery of cyclooxygenase Il and the de-
velopment of the drug Celebrex. But we reasoned that blocking the Al-All cascade at
the renin level would be more efficient and started to synthesize pepstatin, the natural
product inhibitor of aspartyl proteases isolated by Umezawa, as a precursor to analogs
targeted at renin. Fortunately, | met Dan Rich at a Gordon Conference and discovered
that he was not only ahead in the pepstatin synthesis, but was clearly not someone that
| wanted as a competitor. Once again, you are known by your associates, and | decided
to withdraw from the renin arena and collaborate with Dan whenever the chance arose
asit did later on HIV protease inhibitors [11]. | had followed the development of an-
giotensin converting enzyme (ACE, the enzyme responsible for the conversion of Al
to All) inhibitors by both the Ondetti group at Squibb [12] and later the Patchett group
[13] at Merck, but was reluctant to involve my group in such a competitive arena. In
many ways, the therapeutic success of these compounds in treating hypertension in
man curtailed much enthusiasm at the time for development of renin inhibitors, or
All-receptor blockers.

In 1987, | terminated my involvement with Tripos Associates, the molecular mod-
eling company | had started in 1979, to devote myself totally to academic science. |
was concerned with the emergence of AIDS and discovered a paper in which the
aspartyl protease motif DTG was discovered in a gene of HIV based on the RNA se-
guence [14]. It was suggested that an aspartyl protease might be responsible for prote-
olysis of one of the polyproteins encoded by the virus. As the cleavage sites were
known by the sequence of the products including HIV protease that contained the
DTG motif, we decided to test the hypothesis by developing a transition-state inhibitor
of the proposed enzyme. The obvious strategy was to use reductive amination of the
reaction of amino acid aldehydes on the polymeric support to generated reduced amide
analogs of short substrate sequences. This strategy was successful and we developed a
high-throughput fluorescent assay based on fluorescent quenching in order to charac-
terize the inhibitors [15]. We had contacted the protein expression group at Monsanto
to collaborate on the production of expressed HIV protease for this project, but they
were experiencing difficulties. We had started the SPS of the 99-residue protein our-
selves when | became aware that Steve Kent was ahead in this effort. A call to Steve
and synthetic HIV protease was the basis for our inhibitor work for two years [16] un-
til reconstitution of expressed HIV protease from inclusion bodies was developed by
our Monsanto neighbors. The reduced amide analogs were useful in exploring se-
guence specificity of the protease and provided the first crystal structure of an HIV
protease complexed with an inhibitor, MV T-101, that demonstrated (Figure 3) the dra-
matic conformation change of the “flaps’ on inhibitor binding for the first time [17].
Nevertheless, it was common knowledge that more potent inhibitors could be obtained
by other transition state analogs containing a hydroxyl attached to atetrahedral carbon
in the active site. Because of the experience that Dan Rich had with aspartyl proteases,
he was quickly recruited as a collaborator on HIV protease inhibitors. All of us as-
sumed that we would have some window of time before the pharmaceutical giants fo-
cused their attention on HIV protease, but we were wrong. Roche, Abbott and Merck
among others had initiated HIV protease programs, and | withdrew my postdocs from
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the competition, and focused our effort on trying to understand the basis of molecular
recognition by the enzyme and how to utilize that knowledge in the design of inhibi-
tors that were less likely to develop resistant-strains of virus.

Fig. 3. MVT-101 (space-filling) complexed with HIV1 protease homodimer (green and red rib-
bons) [17]. The structure was entirely synthetic, both enzyme and inhibitor.

Affinity Prediction. We had been using modern statistical approaches to correlate
structure with affinity based on a concept of Dr. Richard Cramer that | encouraged at
Tripos. Comparative Molecular Field Analysis (CoMFA) was based on the premise
that one molecule could be adequately represented in its recognition properties by its
potential field [18]. When the values of the potential field were sampled on a grid and
those values correlated with a training set of molecules by sophisticated statistical
techniques, a predictive model of activity usually resulted. We demonstrated this ap-
proach with ACE inhibitors [19] as well as HIV protease inhibitors [20]. Since the
physical basis of molecular interaction is the same regardless of the complexes studied,
we decided to extend this approach to complexes in general resulting in VALIDATE
[21], where the enthalpy of binding is estimated through molecular mechanics, and the
entropy of binding essentially interpolated from a heuristic model.

Dream Realized. The prototypical G-protein coupled receptor (GPCR) is rhodopsin
as it is readily available in quantity (0.5 mg purified rhodopsin per eye) from bovine
eyes in dramatic contrast to other GPCRs that interact with peptide hormones. From
the perspective of a peptide chemist, however, it was of no interest since the SAR of a
photon is simply a spectrum. Much to my surprise, Oleg Kisselev appeared at my door
and asked for help in determining the rhodopsin-bound conformation of a peptide. He
had determined that the C-terminal segment of the y-subunit of transducin bound and
stabilized the photoactivated state of rhodopsin. He introduced me to the work of
Hamm that showed that the C-terminal of the a-subunit also showed the same phe-
nomenon. In fact, Dratz and Hamm had attempted to experimentally determine the
R*-bound conformation of the a-peptide by transfer NOE NMR. We decided to repeat
their experiment as a control before we attempted a similar study with the y-peptide
that was potentially complicated by alipid modification on the C-terminal cysteine. In
the case of the studies by Dratz et al. [22], the peptide used was an analog
(IRENLKDCGLF) of the native sequence with higher affinity for R*. This higher af-
finity with an exchange rate far from the optimum for the TrNOE experiment resulted
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in suboptimal spectra leading to a misassignment of resonances and a wrong conclu-
sion concerning the R*-bound structure [23]. The native sequence has the exchange
characteristics appropriate for obtaining optimal TrNOE spectra and the resulting
structure was unambiguous. When a higher-affinity analog (VLEDLKSCGLF) was
subjected to the same experimental conditions, little useful information was obtained.
In summary of the results we obtained [24], the Gta (340-350) binds to photoactivated
rhodopsin to form a continuous helix terminated by a reverse glycine C-cap turn with
a distinctive hydrophobic cluster of the side chains of two leucines, a lysine and a
phenylalanine (Figure 4). Based on the conservation of these residues in most sub-
classes of G-proteins, this motif may be of significance in GPCR/G-protein interac-
tions, at least for the rhodopsin family of GPCRs.

Fig. 4. Receptor-bound conformation of a peptide complexed with a GPCR [24] — the end of
one quest and beginning of another.

As the structure of rhodopsin was not known, we could not include it in our struc-
tural determination, and there was, therefore, some concern of artifact due to spin dif-
fusion with receptor protons in the active site. We, therefore, took a page from our
peptidomimetic approach and designed a set of analogs constrained to help stabilize
the deduced conformation. The majority of the peptides showed enhanced activity as
would be expected if we had preorganized their conformations similarly to that when
bound, providing indirect evidence that our structure was correct [25]. The crystal
structure of dark-adapted rhodopsin has recently been solved, but rhodopsin does not
bind transducin or the peptide fragments in this state. By moving helix 6 in accord
with biophysical studies, however, a binding site is exposed. In order to test its rele-
vance, the experimental affinities of the constrained analogs were compared with their
affinities when bound as estimated by VALIDATE giving a R? = 0.90 [26]. Thus,
movement of helix 6 in response to the photoisomerization of retinal seems to be a
necessary and sufficient change in rhodopsin to provide a binding site for the
C-terminus of the a-subunit that initiates transduction. A plausible model of photo-
transduction can be derived simply from juxtaposition of experimental data, and test-
ing of that model is underway.

Entrepreneur Activities. Despite any interest in ever being involved in a business
after my termination of the Tripos affiliation, time has an interesting way of modify-
ing memory. In 1995 | started a second company MetaPhore Pharmaceutics to focus
on metals in medicine bringing the latest in combinatorial chemistry and
high-throughput screening to bicinorganic therapeutics. In December of 1998, the
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company outlicensed a highly developed technology based on biocinorganic chemistry
from Monsanto/Searle. The development [27] of a synthetic superoxide dismutase
based on pentaazacrown complexes of manganese that had all the properties of a drug
(catalytically efficient, less than 500 molecular weight, bioavailability, metabolic sta-
bility, etc.) that was curative in a number of animal models of disease is a reality due
to my latest set of incredible associates (Drs. Denis Forster, Dennis Riley, Daniela
Salvemini and Ursula Slomczynska at MetaPhore). Phase | clinical studies of the first
of these compounds has been successfully completed and M40403 will enter Phase 11
clinical trails in combination with interleukin-2 for melanoma and renal carcinoma

this fall.
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Fig. 5. M40403, a SOD mimetic, demonstrated in numerous preclinical studies as a potential
therapeutic.

\

Perhaps of more interest, however, is my realization that the chemistry developed
for pentaazacrown macrocycles as SOD mimetics can readily be applied to
peptidomimetics to generate diverse defined 3D arrangements of side chains to probe
peptide receptors. Simple reduction of the amide bonds of cyclic peptides gives chiral
azacrowns [28], and complexation with different metals allows variation in the orien-
tation of side chains.

Summary

My career is ample demonstration that serendipity is still king and that the mind is of -
ten not prepared, but that data will eventually penetrate even my most closed of minds.
My career is also ample testimony to the magnificent discipline that we practice; every
day we have a new world; every day a colleague has published new results and new
insights into the location of our holy grail. If there was ever a better time to be a scien-
tist, I'm afraid | can’t identify it. | have been particularly lucky to have interests bridg-
ing molecular biology and microelectronics, the engines that lead our technology
revolution. But my real source of inspiration has been those with whom | have shared
this journey, the credit is yours. | look forward to further unanticipated adventures in
your company.

Acknowledgments

While | have tried to cite many of my colleagues in the text who have had significant
impact on my career, the vast majority are student and postdocs cited in my refer-
ences. In particular, | want to acknowledge my current and long-term colleagues, Stan
Galaktionov and Gregory Nikiforovich, who were unable to attend this meeting due to
Stan’s stroke. Prof. Wei-Jun Zhang from Shanghai is a key figure in our synthetic ef-
forts, and Dr. C. M. W. Ho carries the burden of computational support. It is a rea
pleasure to have friends who share your scientific interests. Naturally, NIH support
has played an essential role in our efforts and we thank you for your tax support. Most

10



Merrifield Award Lecture

of al, it is the tolerance of my family who have indulged my intellectual adventures
who deserve my thanks.

References

S S I S e

O 0 9N

11.
12.
13.
14.
15.
16.
17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

217.
28.

. Marshall, G.R., Merrifield, R.B. Biochemistry 4, 2394-2401, 1965.
. Leznoff, C. Acc. Chem. Res. 11, 327-333, 1978.

. Nemethy, G., Scheraga, H.A. Biopolymers 3, 155-184, 1965.

. Clark, W.A., Molnar, C.E. MD Computing 11, 311-317, 1994.

Barry, C.D., Graesser, S., Marshall, G.R., In Faiman, M., Nievergelt, J. (Eds.) Pertinent
Concepts in Computer Graphics, University of Illinois Press, Chicago, 1969.

. Marshall, G.R., Bosshard, H.E. Circulation Res. 31 (Suppl. 2), 11-143-11-150, 1972.

. Pietta, P.G., Marshall, G.R. Chem. Commun. 650-651, 1970.

. Hancock, W.S., Marshall, G.R., Vagelos, P.R. J. Biol. Chem. 248, 2424-2434, 1973.

. Hancock, W.S., Prescott, D.J., Vagelos, P.R., Marshall, G.R. J. Org. Chem. 38, 774-78l,

1973.

. Marshall, G.R., Vine, W., Needlemann, P. Proc. Natl. Acad. Sci. U.S.A. 67, 1624-1630,

1970.

Rich, D.H., Sun, C.-Q., Prasad, J.V.N.V., Pathiasseril, A., Toth, M.V., Marshall, G.R.,
Clare, M., Mueller, R.A., Houseman, K. J. Med. Chem. 34, 1222-1225, 1991.

Ondetti, M.A., Cushman, D.W. Ann. Rev. Biochem. 51, 283-308, 1982.

Wyvratt, M.J., Patchett, A.A. Med. Res. Rev. 5, 483-531, 1985.

Toh, H., Ono, M., Saigo, K., Miyata, T. Nature 315, 691, 1985.

Toth, M.V., Marshall, G.R. Int. J. Pept. Protein Res. 36, 544-550, 1990.

Toth, M.V., Chiu, F., Glover, G., Kent, S.B.H., Ratner, L., Heyden, N.V., Green, J., Rich,
D.H., Marshall, G.R., In Peptides: Chemistry, Structure, and Biology (Proceedings of the
11th American Symposium), ESCOM, Leiden, 1990.

Miller, M., Sathyanarayana, B.K., Wlodawer, A., Toth, M.V., Marshall, G.R., Clawson,
L., Selk, L., Schneider, J., Kent, S.B.H. Science 246, 1149-1152, 1989.

Marshall, G.R., Cramer III, R.D. Trends Pharmacol. Sci. 9, 285-289, 1988.

DePriest, S.A., Mayer, D., Naylor, C.B., Marshall, G.R. J. Am. Chem. Soc. 115,
5372-5384, 1993.

Waller, C.L., Oprea, T.I., Giolitti, A., Marshall, G.R. J. Med. Chem. 36, 4152-4160,
1993.

Head, R.D., Smythe, M.L., Oprea, T.I., Waller, C.L., Green, S.M., Marshall, G.R. J. Am.
Chem. Soc. 118, 3959-3969, 1996.

Dratz, E.A., Furstenau, J.E., Lambert, C.G., Thireault, D.L., Rarick, H., Schepers, T.,
Pakhlevaniants, S., Hamm, H.E. Nature 363, 276-281, 1993.

Dratz, E.A., Furstenau, L.E., Lambert, C.G., Thireault, D.L., Rarick, H., Schepers, T.,
Pakhlevaniants, S., Hamm, H.E. Narure 390, 424, 1997.

Kisselev, O.G., Kao, J., Ponder, J.W., Fann, Y.C., Gautam, N., Marshall, G.R. Proc. Natl.
Acad. Sci. U.S.A. 95, 4270-4275, 1998.

Marshall, G R., Ragno, R., Makara, G.M., Arimoto, R., Kisselev, O. Lett. Peptide Sci. 6,
283-288, 1999.

Arimoto, R., Kisselev, O.G., Makara, G.M., Marshall, G.R. Biophys. J. (2001), submitted.
Riley, D.P. Adv. Supramol. Chem. 6, 217-244, 2000.

Aston, K.W., Henke, S.L., Modak, A.S., Riley, D.P., Sample, K.R., Weiss, R.H.,
Neumann, W.L. Tetrahedron Lett. 35, 3687-3690, 1994.

11






Peptides: The Wave of the Future
Michal Lebl and Richard A. Houghten (Editors)
American Peptide Society, 2001

Genomics: From Microbesto Man

J. Craig Venter
Celera Genomics, Rockville, MD 20850, USA

J. Craig Venter, Ph.D. is the President and Chief Scientific Officer of Celera
Genomics Corporation and the Founder, Chairman of the Board and former President
of The Institute for Genomic Research (TIGR), a not-for-profit genomics research in-
stitution.

Between 1984 and the formation of TIGR in 1992, Dr. Venter was a Section Chief,
and a Lab Chief, in the National Institute of Neurological Disorders and Stroke at the
National Institutes of Health (NIH). In 1990, he developed expressed sequence tags
(ESTs), a new strategy for gene discovery that has revolutionized the biological sci-
ences. Over 72% of all accessions in the public database GenBank are ESTs from a
wide range of species including human, plants and microbes. Out of new algorithms
developed to deal with 100,000's of sequences TIGR developed the whole genome
shotgun method that led to TIGR completing the first 3 genomes in history and a total
of 21 to date.

In May of 1998, Dr. Venter and Perkin—Elmer (now known as Applera) announced
the formation of Celera Genomics. Celera s goal is to become the definitive source of
genomic and medical information thereby facilitating a new generation of advancesin
molecular medicine. Celerais building the expertise and information that will enable
scientists to transform the way in which human and health problems are diagnosed and
treated. On June 26, 2000, Celera announced that it had completed the first assembly
of the human genome, which has revealed a total of 3.12 billion base pairs in the hu-
man genome. On February 16, 2001, Celera’ s manuscript on the sequencing of the hu-
man genome was published in Science Magazine.

Dr. Venter has published more than 160 research articles and is one of the most
cited scientists in biology and medicine. He has been the recipient of numerous
awards, including the 2000 King Faisal Award in Science and was recently selected as
a runner up for TIME Magazine's Man of the Year and was selected as Man of the
Year for the Financial Times. In addition to receiving honorary degrees for his pio-
neering work, he has been elected a Fellow of several societies including the Ameri-
can Association for the Advancement of Science and the American Academy of
Microbiology. He received his Ph.D. in Physiology and Pharmacology from the Uni-
versity of California, San Diego.

SC|ent|f|c papers published include:
1. Complementary DNA Sequencing: “Expressed Sequence Tags” and the Human Genome
Project. Science 252, 1651-1656 (1991).
2. Potential Virulence Determinants in Terminal Regions of Variola Smallpox Virus
Genome. Nature 366, 748-751 (1993).
3. Whole-Genome Random Sequencing and Assembly of Haemophilus influenzae Rd.
Science 269, 496-512 (1995)
4. Initial Assessment of Human Gene Diversity and Expression Patterns Based Upon 52
Million Basepairs of cDNA Sequence. Nature 377 suppl., 3—174 (1995).
5. The Minimal Gene Complement of Mycoplasma genitalium. Science 270, 397-403
(1995).
6. Complete Genome Sequence of the Methanogenic Archeon, Methanococcus jannaschii.
Science 273, 1058-1073 (1996).
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Fluorous Methods for Synthesis and Separation of Organic
Molecules: From Separating Mixtures to Making Mixtures

Dennis P. Curran
Department of Chemistry, University of Pittsburgh, Pittsburgh, PA 15260, USA,

Fluorous molecules partition out of an organic phase and into a fluorous (highly fluo-
rinated) phase in aliquid-liquid extraction. New fluorous techniques allow simple yet
substantive separations of organic reaction mixtures based on the presence or absence
of a fluorous tag. Fluorous-tagged molecules can also be separated from non-tagged
molecules by solid phase extraction over fluorous reverse phase silica gel. This tech-
nique is ideal for solution phase parallel synthesis because it allows simple yet sub-
stantive separations of organic reaction mixtures.

Fluorous techniques are rapidly developing as a solution phase alternative to solid
phase synthesis. Like solid phase techniques, a reaction component (reactant, reagent,
catalyst) is tagged with a functionality for the purpose of strategic separation. How-
ever, the tag is not a polymer but a small or moderately sized fluorinated piece or do-
main. Reactions of fluorous molecules can be conducted in solution, and fluorous
products can be purified and characterized by using standard small molecule spectro-
scopic and chromatographic techniques.

Fluorous molecules can be separated by unique fluorous techniques including liquid-
liquid extraction, solid-liquid extraction and fluorous chromatography. Liquid-liquid
extraction and solid liquid extraction are typically used to separate molecules bearing
fluorous tags from untagged (organic or inorganic) molecules. Fluorous chromatogra-
phy is used to separate fluorous molecules from each other based on fluorine content.
Both fluorous solid phase extraction and fluorous chromatography typically employ
silica gel with a fluorocarbon bonded phase (“fluorous reverse phase silica gel”).

Table 1 summarizes the four main fluorous methods outlined in this lecture and
compares and contrasts them. Each technique is briefly summarized, and then selected
references [1-20] are provided.

Fluorous Biphasic Catalysis: In this first fluorous technique, a catalyst containing
one or more highly fluorinated ligands promotes a reaction of an organic substrate in a
mixture of organic and fluorous solvents. Depending on solvents and reaction condi-

Table 1.

Technique Fluorine Content  Rxn Solvent Separation Uses

Fluorous Biphasis high fluorous and single liquid-iquid green chemical

Catalysis organic separation processes

Fluorous Reagents  low-medium organic or hybrid liquid-liquid or universal
solid-iquid
extraction

Fluorous Substrates low organic solid-liquid chemical discovery,
extraction intermediate

synthesis
Fluorous Mixture low, variable organic fluorous leveraged chemical
Synthesis chromatography discovery
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tions, the reaction may be mono- or multiphasic. In either case, two liquid phases are
generated at the end of the reaction, and simple separation gives the product from the
organic phase and the catalyst from the fluorous phase.

Fluorous Reagents. Here a reagent, catalyst or scavenger bearing a low-medium
number of fluorinesis used to convert an organic substrate to a product in a traditional
organic solvent, sometimes with alightly fluorinated cosolvent. Fluorous solvents are
not used. The fluorous products are removed from the organic product by liquid-liquid
or solid-liquid extraction, depending on the fluorine content.

Fluorous Substrates: In this conceptual equivalent of “solid phase synthesis’, or-
ganic substrates are tagged with fluorous groups (protecting groups, traceless tags,
etc.) and then carried through a series of steps. Solid-phase extraction is used to sepa-
rate the desired tagged products from all untagged reaction components. The tag is fi-
nally removed followed by a final spe (or chromatography) to give the target organic
product.

Fluorous Mixture Synthesis: In this variant, a series of fluorous substrates are given
tags differing in fluorine content. The tagged substrates are then mixed and taken
through several steps. Finally, the mixture is resolved into its individual pure compo-
nents (demixed) by fluorous chromatography, and each product is detagged. The tech-
nique harvests the efficiency advantage of mixture synthesis without the usual
purification and identification detractions.

Commercialization: Fluorous Technologies, Inc. intends to commercialize reagents,
silicagel and other components needed for fluorous synthesis techniques. Information
can be found at www.fluorous.com.
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Synthesis of 3 and y-Substituted Prolines for Confor mation-Activity
Relationship Studies of the a-MSH Analogue MT-I|

Chaozhong Cai, Wei Wang, Chiyi Xiong, Vadim A. Soloshonok,
Minying Cai and Victor J. Hruby
Department of Chemistry, University of Arizona, Tucson, AZ 85721, USA

Introduction

Substituted prolines have limited rotational freedom about x1 and X2, and therefore
can be used as unique probes for conformation-activity studies by incorporating them
into biologically important peptides [1]. For example, substitution of Pro for His6 in
the a-MSH analogue MT-I1I led to analogues with high agonist potency and selectivity
for agonist activity at the human MC5R [2]. To explore this function, we have synthe-
sized a series of novel, topographically constrained [3 and y-substituted prolines and
incorporated these optically pure substituted prolines into MT-II at positions 6 and 7.

Results and Discussion

Synthesis of [-substituted prolines is shown in Scheme 1. Highly diastereoselective
Michael addition reactions between the Ni(Il) complex of glycine Schiff base 1 and
(9 or (R)-3-(E-enoyl)-4-phenyl-1,3-oxazolidin-2-ones 2, followed by decomposition
and neutralization, gave optically pure B-substituted pyroglutamic acids 3 in good
yields (>80%) [3,4]. The resulting B-substituted pyroglutamic acids were converted to
their esters and protected with Boc groups to give ethyl Na-Boc-B-substituted
pyroglutamates 4 in 86-92% yields. By using Pedregal’s protocol [5], selective reduc-
tion of the amide carbonyl group in 4 was accomplished to afford the corresponding
proline esters 5 in high chemical yields (82-95%), which were hydrolyzed to quantita-
'iively give optically pure B-substituted prolines 6. No stereoisomers were found from
H NMR.

0
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Scheme 1. Synthesis of novel 3-substituted prolines.

Highly constrained y-substituted prolines were synthesized by using pyroglutamic
acid 7 as a building block (Scheme 2). Ethyl Na-Boc-pyroglutamate 8 was prepared
from 7 in 91% yield. Alkylation of lithium enolate derived from 8 with benzylic bro-
mides afforded benzylated pyroglutamates 9 in good yield (84%) and excellent
diastereoselectivity (>98%). After selective reduction and protection, the resulting
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Na-Boc-y-substituted prolinates 10 were coupled with p-substituted phenyl borates to
lead more constrained Na-Boc-y-substituted prolinates 11 (95-96%), which quantita-
tively afforded the corresponding y-substituted prolines 12 after acidic hydrolysis.

LIHMDS, THF, Br
U G 1 Ty (o
0”7 "N” “CO.H 07 °N” TCO.Et -78°Ctort s
I 1

07 N” CO,Et
H Boc éoc
7
Br Pd(OAc),, P(o-tolyl)s, g
% _R-CgH4B(OH),, DME_ OO

N COEt H20, K,CO4 CO,Et CO,H
Boc Boc
10 1 12 (R=H, CHBO, NO,)

Scheme 2. Synthesis of novel y-substituted prolines.

Both novel (3 and y-substituted prolines were incorporated into MT-11 at positions 6
and 7 by solid phase synthesis [6]. A series of highly topographically constrained
MT-Il analogues were obtained and their conformation-biological activity studies are
in process.
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The General Asymmetric Synthesis of Syn- and Anti-B-substituted
Cysteine and Serine Derivatives

Chiyi Xiong, Wei Wang and Victor J. Hruby
Department of Chemistry, University of Arizona, Tucson, AZ 85721, USA

Introduction

Complete understanding of the stereochemical requirements of side chain groups im-
portant in peptide ligand-receptor/acceptor interactions plays a crucia role in the ra-
tional design of bioactive peptides and nonpeptide mimetics. This approach can be
realized by incorporation of conformationally constrained novel amino acids into a
peptide or nonpeptide template. Among the novel amino acids, 3-substituted cysteines
and 3-substituted serines play a unique function in peptide conformational constraints.
[B-Substituted cysteines when introduced into the peptide chain can not only constrain
the backbone conformation through the formation of a disulfide bridge, but also pre-
serve side chains which are very important for molecular recognition [1]. [B-Substi-
tuted cysteines and serines also can be used as building blocks for dipeptide B-turn
mimetics [2].

Results and Discussion

The synthesis of B-alkylsubstituted serine analogues (Scheme 1) begins with the
Sharpless asymmetric dihydroxylation [3] of benzyl a,B-unsaturated esters 1 in the
presence of (DHQ),PHAL (AD-mix a) and methanesulfonamide. The reaction pro-
ceeded smoothly to yield the (2R,39)-diols 2 with excellent optical purity (>95% ee).

Q
o} S OH O
o o
X —_— =
R/\)J\OBZI \ 0Bzl R™ Y 0Bz
R N
3
R= -CH,CH,CH3 2 © 3
R= -CH(CH3)CHs | l
OH O OH O OH O
R oH R OBzl R)\{lJ\OH
NH, N3 ' NH,
syn 4 J\ anti 4
PMB PMB
s o S o R}}j\ /B)i
B NS S L
NHCbz NHCbz Loz Coz
syn ¢ anti 6 5 5

PMB = CH3OOCH2—

Scheme 1. Stereodivergent synthesis of anti- and syn-cysteines and serines.
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The diols were converted to their 2, 3-cyclic sulfites with thionyl chloride and oxi-
dized to the cyclic sulfates 2 in a one-pot reaction. Nucleophilic substitution by NaN;
gave a-azido esters 3, and subsequent hydrogenation provided the B-alkylsubstituted
serines 4. Diastereomers 3' of 3 can be obtained using NH,Br to ring open the sulfates
2 followed by a second nucleophilic displacement with NaN; to obtain the desired
stereochemistry at the a-position [4]. The result of this double-inversion procedure is
a net retention of configuration, and the products 3' is diastereomers of compounds 3
generated from direct azide displacement of the sulfates 2.

The first general asymmetric synthesis of [-substituted cysteines started with the
azido esters 3 and 3' which can be converted to aziridine-2-carboxylic esters 5 and 5'
under Staudinger reaction conditions with high enantiomeric purity. In the presence of
a Lewis-acid catalyst, the activated N-(benzyloxycarbonyl) aziridine-2-carboxylic es-
ters 5 and 5' reacted with 4-methoxybenzylthiol to provide the desired protected syn-
and anti-p-alkylsubstituted cysteines 6 and 6'.
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The Novel Asymmetric Synthesis of 3-Functionalized
Phenylalanine Derivatives
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Introduction

As part of a continuing effort in our laboratory to obtain either backbone and/or side
chain conformationally constrained, novel amino acids, we have designed and synthe-
sized new types of B-functionalized amino acids, namely B-substituted cysteines,
B-substituted serines and [-substituted tryptophanes. (3-Substituted cysteines when in-
troduced into the peptide chain can not only constrain backbone conformation through
the formation of a disulfide bridge, but also preserve the respective side chains, which
is important for the molecular recognition [1]. B-Substituted cysteines and 3-substi-
tuted serines are also building blocks for so-called “rigid dipeptide 3-turn mimetics’
[2]. B-Phenylsubstituted tryptophans are chimeric amino acids contaning two bulky
side chain groups, a indole and a phenyl group. The interaction between these two
bulky side chain groups can produce strong constraints simultaneously for both x* and
X2 side chain torsional angles [3].

Results and Discussion

Commercially available benzyl cinnamate was the starting point of our synthesis.
Cinnamate 1 was subjucted to the Sharpless asymmetric dihydroxylation in the pres-
ence of (DHQ),PHAL (AD-mix-a) and methanesulfonamide (Scheme 1). The reaction
proceeded smoothly to yield (2R,39)-diol in high yield and excellent optical purity
(98% ee) [4]. The vicinal diol was first converted to the cyclic sulfite, and then the cy-
clic sulfite was further oxidized to cyclic sulfate with RuO, (NalO,/cat, RuCl,). Ring
opening reaction of the cyclic sulfate in an Sy, fashion with N5 provided azido alco-
hols as regicisomersin 6 : 1 ratio (B/a = 6 : 1). In the following so-called Staudinger
reaction [5], the aziridine 2 was formed stereospecifically.

Treatment of aziridine 2 with 3 equivalents of 4-methoxybenzylthiol in dichloro-
methane in the presence of 1.5 equivalents of boron-trifluoride etherate followed by
amino group protection resulted in the (3S,3S)-B-phenyl-cysteine derivative 3. The re-
action is stereospecific with nucleophile attacking in an Sy, fashion at the benzylic C3

0 0
Ph/\/mOle _— Ph/\\)]\oszl -
% H
1 2

/©/ @NOBZI /\\)L o8zl Ph/\AJ\

OBZI NHAc

3 4 5 6

Scheme 1. Synthesis of novel amino acids via azidinines.
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position. The regiochemistry of the product was unequivcally established from the
mass spectrum which exhibits the fragment [C;H;CHSCH,CzH,OCH,]* (m/z: 231).
The exclusive, stereospecific attack of the carbon nucleophile at C3 position also was
observed upon reaction with indole in the presence of boron trifluoride etherate. The
regiochemistry of the reaction could be deduced from the mass spectrum and 'H NMR
characteristics of the (2S3R)-product 4. When substrate 2 was stirred at 70 °C with
acetic acid for 2 h, acidolysis of the aziridine occurred. The ring opening proceeded
with complete inversion of configuration at C3 position, probably via the initial ring
opening by attack of acetate anion at C3, and following acyl migration from oxygen to
nitrogen gave the (2S5,39)-product 5 in high yield [6]. Substrate 2 also underwent
smooth reductive opening reaction via hydrogenation at the aziridine benzylic position
to stereospecifically provide (S)-phenylalanine 6.

In conclusion, an efficient procedure for making chiral phenylsubstituted aziridines
is described. The stereospecific and regiosel ective ring-opening reaction of aziridine
intermediates with various nucleophiles, could provide us many novel amino acids.
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An Efficient Method for Large-Scale Synthesis of Stereochemically
Defined and Conformationally Constrained B-Substituted or
a,B-Disubstituted Amino Acids

Xuejun Tang, Vadim A. Soloshonok and Victor J. Hruby
Department of Chemistry, University of Arizona, Tucson, AZ 85721, USA

Introduction

In our continuing efforts to design and synthesize conformationally constrained pep-
tides to understand the interactions between receptors and ligands, a wide range of
sterically constrained amino acids are needed [1]. As a part of our effortsin this area,
we have developed a systematic practical method for preparation of conformationally
constrained novel amino acids in gram quantities. Starting from chiral nickel (1) com-
plexes containing a glycine or alanine moiety, which were prepared from commer-
cialy available materials, alkylations with the corresponding alkyl halides followed
by routine work-up, provide the target amino acids in good overal yields and excel-
lent optical purity [2-7].

Results and Discussion

Aiming to develop a versatile method to synthesize 3-substituted, or a,3-disubstituted
amino acids5 (a: R1=H, R2=Me; b: R1=H, R2=Et; c: RL=H, R2=i-Bu; d: R1
=Me, R2=Meg; e R1=Me, R2 = Et; f: R1 = Et, R2 = i-Bu), we have investigated the
direct alkylation of pre-formed Ni(ll) glycine (a: R1 = H) and aanine (b: R1 = Me)
complexes 1 with a-alkylbenzyl bromides. After the treatment of complex 1 with reg-
ular bases such as NaOH and KOH in DMF under argon atmosphere, the bromide 2
was added and the reaction progress was monitored by TLC with 1: 1 acetone/hex-
anes as eluent. It was found that with the increase of the size of R2 (from Me to i-Bu)
the reaction time increases. Also alkylation of the glycine complex (R1 = H) is much
faster than of the alanine complex (R1 = Me). Alkylation of either complex (R1 = H,
or R1 = Me) gives the a-(S) isomers as the predominant major products.
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o ¢ H O///c,!R Ph
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Br OMF 7 3 \N—=Ni=—N g
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..... N—=Ni=N NaOH AN
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With R1 as H, only small amounts of the a-(R) isomers were detected after
alkylation in the case of R2 as Me or Et, and the amount of a-(R) isomers can be sig-
nificantly decreased under elevated reaction temperatures or longer reaction times.
The ratio of a-(S) to a-(R) was greater than 30 : 1. With R2 asi-Bu, no a-(R) isomers
were detected. With R1 as H, the major a-(S) products have a configuration of (2S3R)
da—c (aa R1=H,R2=Me; b: R1=H, R2 = Et; ¢: R1 =H, R2 =i-Bu ) and the minor
o-(9 products have (2539 configuration (3a—c, a: R1 = H, R2 = Me; b: R1 = H,
R2 = Et; c: R1 = H, R2 = i-Bu).

In case of R1 as Me, no a-(R) isomers were detected after alkylation. But the
(2S539) isomers 3d—f (d: R1 = Me, R2=Me; e R1=Me, R2 = Et; f: RL= Et, R2 =
i-Bu) were the mgjor products and (2S,3R) were assigned as the minor products (4d—f)
(d: R1 = Me, R2 = Mg, e R1 = Me, R2 = Et; f: R1 = Et, R2 = i-Bu) based on the
X-ray crystal structure.

After column purification the enantiopure and diastereopure alkylated Ni (II) com-
plexes were decomposed with 3 M HCl in MeOH to release the amino acids. Upon
treatment with ammonium hydroxide, free amino acids can be obtained in multi-gram
quantities. The ligand can be recycled.
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Biophysical Properties
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Introduction

Amino acids with unique physical properties have been used to study the conformational
interactions of peptides and proteins. Two such molecules are pyrenylalanine and ferro-
cenylakyl derivatives of amino acids. Pyrenylalanine has unique spectroscopic proper-
ties that can be exploited to understand conformations of peptides [1]. Ferrocenylalkyl
derivatives of amino acids combine the properties of ferrocene and amino acids to of-
fer compounds that will intercalate with DNA and can be targeted towards cancerous
cells[2]. This paper describes the synthesis of these compounds and presents prelimi-
nary data concerning the intercalation of the ferrocenylalkyl amino acids towards
DNA.

Results and Discussion
Pyrenylalanine (Figure 1) was prepared using Belokon's Ni-complex (Arcos) [3] in
three steps starting with pyrenemethanol. Proton NMR shows the S configuration at a
19 : 1 ratio to the R configuration. The enantiomers were easily separated by column
chromatography. The decomposition of the complex gave the desired compound in
quantitative yield. The resulting pyrenylalanine was fully characterized including opti-
cal rotation. This compound can be placed in peptide ligands to study energy transfer
between the pyrenylalanine and tyrosines that may be present in the system.
Ferrocenylalkyl derivatives of amino acids (Table 1) were synthesized by using stan-
dard procedures [4]. We proposed that ferrocenylalkyl containing amino acids could
interact covalently and noncovalently with DNA. Experiments show that these com-
pounds act as alkylating agents toward the DNA fragment adenine and also intercalate
by aflat aromatic cyclopentadienyl ring between two adjacent bases of DNA. These
results let us consider ferrocenylalkyl containing amino acids as possible potent
antitumor agents. Experiments on tumor cells are in progress.
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Fig 1. Structures of pyrenylalanine and ferrocenylalkyl derivatives.
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Table 1. Yields and optical rotation of synthesized molecules.

Characteristics

Product
[a? (c0.5) % Yield

N-Ferrocenylmethyl-L-histidine +252 55
S-Ferrocenylmethyl-L-cysteine +16° %
S-Ferrocenylethyl-L-cysteine 92
N-Ferrocenylmethyl-L-tryptophan 15
S-Ferrocenylmethyl-D-penicillamine -382 93
S-Ferrocenylethyl-D-penicillamine 87
Ferrocenylmethyl-L-tryptophan 70
N-a-Fmoc-N-in-t-Boc-Ferrocenylmethyl -L -tryptophan -16.5° 80
Bromomethyl Pyrene n/a 70
Ni-complexed Pyrene n/a 90
Pyrenylalanine +64.8%4 quant

3 MeOH + 1%TFA. ® MeOH. ¢ DMSO. 9 9.865 gm/100 miL.
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Introduction

Indolizidinone amino acids 1 (Figure 1) have been proposed to mimic or induce 3-turn
secondary structural features for peptides and proteins [1,2]. It has been demonstrated
that incorporation of some of these scaffolds into biologically active peptides has led
to peptide mimetic ligands with enhanced activities and metabolic stabilities [1,2].
However, the lack of efficient methods for the asymmetric synthesis of these com-
pounds is one of the major bottlenecks in the field. Recently we have developed two
novel approaches for the synthesis of such compounds in high stereosel ectivity.

R H, Boc or Cbz
R'HN 9  RAEiHorMe
0 COOR R3, R*: alkyl, aryl

Fig. 1. Indolizidinone amino acids 1.

Results and Discussion

In our initial effort, we have developed an efficient method for the preparation of the
scaffolds of the indolizidinone amino acids 1a,b from commercially available diethyl
1,3-acetonedicarboxylate (2) in 5 steps (Scheme 1) [3]. The protection of ketone as a
ketal, then reduction of the diester to dialdehyde following by the Horner—Emmons re-
action gave the dehydroamino ester 3. The asymmetric hydrogenations of 3 using (S,9
or (RR) Et-DUPHOS, Rh(l)-based catalysts generated the key intermediates 4a and
4b with Sand R configurations, respectively, in high stereoselectivity (>96% ee) [4].
Compounds 4a,b were subjected to one-pot reaction to afford final products 1.

(0]

a o o 6 0
0 o HCoT Y Xy~ ~OCH;
OEt OEt NHCbz 3 NHCbz .
2 ( \ -
-
3 _b, 9 Oo_ 0O Q d_. I
HSCOWOCH:; BocN
CbzHN 4a NHCbz 0 1}3 COOMe
(¢} £y e} d
I N
3— H;CO ZOCH; N 5
CbzHN 4b "NHCbz z 0 11 COOMe

(@) (i) HO(CH,),OH, BF4-OEt, benzene, reflux, 24 h, 76%; (ii) DIBAL, —78 °C, toluene, 70 min, ca. 70%;
(iii) (MeO),P(O)CH(NHCbz)COOCH,, DBU, CH,Cl,, RT, 4 h, 72%; (b) Rh(I) (COD) (SS) Et-DUPHOS, H, (70 psi),
24 h, MeOH, 97%; (c) Rh(I) (COD) (R,R) Et-DUPHOS, H, (70 psi), 24 h, MeOH, 95%; (d) (i) 10% Pd/C, H, (70 psi),
MeOH/con. HCI (1/4), 24 h, (ii) NaHCO, 1,4-dioxane, H,O, 34 h, then (Boc),O or Cbz-Cl, 3 h, 71-74%.

Scheme 1. Synthesis of the scaffolds of indolizidinone amino acids 1.
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(b) (i) O5/Me,S, 65%; (ii) (MeO),P(O)CH(NHCbz)COOCH3, DBU, CH,Cl,, RT, 4.5 h, 96%; (c) Rh(l) (COD)

(SS) Et-DUPHOS, H, (80 psi), 24 h, MeOH, 93%; (d) Rh(l) (COD) (R,R) Et-DUPHOS, H, (80 psi), 24 h, MeOH, 95%;
(€) 30% TFA, then TEA, CH,Cl,, 74-83%.

Scheme 2. Synthesis of 7-benzyl indolizidinone amino acids 1c,d.

Since the side chains of peptides play very important roles in molecular recogni-
tions, we have developed an approach to the synthesis of 7 substituted amino acids
1c,d, (Scheme 2). The key intermediates 8a,b were synthesized from y-benzyl pyro-
glutamic acid ester 5. The alyl group in 6 was introduced by the reduction of amide
group in 5, then treatment with Me;SICH=CHCH; with an exclusively trans product
related to y-benzyl group. Ozonolysis of the double bond of 6 afforded an aldehyde,
which reacted with (MeO),P(O)CH(NHCbz)COOMe to give the dehydroamino ester
7. Compound 7 underwent asymmetric hydrogenations using the same procedures we
used earlier to generate 8a,b. The final products 1a,b were obtained by deprotection of
Boc in 8a,b and cyclizations. These new methods provide new avenues for the synthe-
sis of avariety of B-turn mimetics in a highly stereo controlled manner. The synthesis
of other isomers and the incorporation of the B-turn mimetics into biologically active
peptides are under investigation.
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Introduction

There is no general method available for preparation of enantiomerically pure
B2-amino acids. They can be prepared by stereoselective alkylation of chiral enolates
which are synthetic equivalents of “B-alanine” (= H-B-HGly-OH) [1]. In another ap-
proach, the amino acid side chain is first attached to the auxiliary, followed by amino-
methylation with synthetic equivalents of the [H,NCH,]* cation [2]. Similarly, using
bromoacetates as electrophiles, with reagents, which are synthetically equivalent to
chiral enolates, followed by Curtius rearrangement also leads to the net attachment of
the protected aminomethyl group [2a,3]. To the present day only B?>-HAla [1b,4],
B2-HVal [4], B?>-HLeu [1b,4], B>-HPhe [1b,2a,4], B?>-HThr [5], B?-HLys [6] and
B2-HAsp [7] have been prepared. Also, syntheses of the precursors of B2-HTyr,
B2-HSer and B?-HGIu have been published [2b], and B2-HPro (piperidine-3-carboxylic
acid) is known from 1951 [8]. To the best of our knowledge, the preparation of other
B2-homologs of proteinogenic amino acids has not been published yet.

The fact that B-peptides fold into well-defined secondary structures, which are sta-
ble to peptidases, makes them suitable candidates for Somatostatin mimetics. It has
been shown that even a small open-chain (-tetrapeptide with a central B3-HTrp-
B2-HLys segment exhibits high affinity for a Somatostatin receptor [6].

Results and Discussion
In order to find non-a-peptidic mimetics for Somatostatin we intend to prepare
B-dipeptides with a proposed B2-HTrp-B3-HLys 10-membered H-bonded turn which is

H Boc 0
N N 0
W, (] X"~ On
a,b ad  X¢ ~ "N-Boc e = 0
%
0 0 0
OH 0 Bocd
1 2 3 4
o) 'f
O)LN 0o o] 0o
Xo =
() HO™"NHZ XN NHZ X O
’[" K h 3 g 1 O
N N N
Boc Boc Boc
7 6 5

(a) CH,N,, Et,0, 100%; (b) Boc,0, DMAP, CH5CN, 92%; (c) LiOH-H,O, THF/H,0, 94%; (d)
1. Et3N, t-BuCOCI; 2. (R)-4-isopropyl-2-oxazolidinone, LiCl, 83%; (e) 1. NaHMDS, THF; 2.
BrCH,CO,Bn, 76%; (f) H, (1 atm.), 10% Pd/C, THF; (g) 1. (PhO),P(O)N3, Et3N, BnOH, Tol;
2. reflux, 74% over two steps; (h) LiOH-H,0, 30% H,0,, THF/H,0, 54%.
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comparable to a “B-turn” in a-peptides. For that purpose we needed to develop a suit-
able synthesis of both enantiomers of B2-homotryptophan.

Direct akylation of Z-B-HGIly-OH attached to the auxiliary [2b] was not success-
ful. Also aminomethylation of Z-protected 3-(3-indolyl)propionic acid attached to the
auxiliary [2b] has not led to desired product. Finally, the route outlined in the accom-
panying scheme has led to the desired B2-homotryptophan.

First, the indole nitrogen of 3-(3-indolyl)propionic acid (1) was protected with the
Boc group and the Evans auxiliary was attached in four steps in an overall yield of
72%. Sodium hexamethyldisilazane gave a chiral enolate which was trapped by benzyl
bromoacetate in 76% yield. Excellent selectivity was observed: only diastereocisomer 4
was detected in the reaction mixture. Using LDA as a base was less satisfactory, al-
though selectivity was also excellent, the yield was only 36% and |aborious separation
from unreacted starting material 3 was required. The benzyl group was cleaved by
hydrogenolysis in dry THF with Pd/C as the catalyst. From the corresponding acid 5
an acyl azide was prepared in situ and decomposed with Curtius rearrangement in the
presence of benzyl alcohol. Subsequently, the Evans auxiliary was removed by
treatment with LiOH/H,0,, leading to Z-B?-HTrp(Boc)-OH in an overal yield of 22% over
eight steps.

0O o O o O O
PN O-gn o OH oM NHZ
o) (0]
/ 4
N N N
Boc Boc

/
Boc

8 9 10
(epimeric mixture)

It has to be noted, that hydrogenolysis of the benzyl ester 8 in a mixture of methanol/THF
(1: 1) causes partial hydrogenation of the indole ring producing an epimeric mixture
of indoline derivatives 9; although these can be used for Curtius rearrangement, fol-
lowed by re-oxidation with DDQ, the yield is smaller as compared to that obtained as
described above.
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Ethyl Nitroacetate as a Useful Synthon for the Synthesis
of Orthogonally Protected, Poly-Functional C%%-Disubstituted
Amino Acids
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Mark L. McLaughlin and Robert P. Hammer
Department of Chemistry, Louisiana State University, Baton Rouge, LA 70803, USA

Introduction

The discovery of C*?-disubstituted amino acids (aa AAs) and their propensity to in-
duce secondary structure even into short peptides has resulted in an increased interest
in novel methods for their synthesis [1,2]. Herein ethyl nitroacetate, a useful synthetic
intermediate for a variety of biologically significant compounds [3], has been employed
for the preparation of sterically hindered and polyfunctional aa AAs which are suit-
able for incorporation into peptides.

Results and Discussion

We have found that treatment of ethyl nitroacetate with two equivalents of DIEA in
the presence of catalytic amounts of tetraalkylammonium salts followed by the addi-
tion of an activated alkyl halide or Michael acceptor, provided the disubstituted
nitroacetate ester in good yields (Scheme 1, Table 1). DIEA was employed based on
the evidence, which suggested that ethyl nitroacetate anion exhibits high nucleophlic
reactivity in the presence of a quaternary ammonium cation that does not tend to form
a strong ion pair [4]. Reduction of nitro ester 2a under Zn/AcOH conditions and hy-
drogenation of nitro ester 2e over Raney nickel afforded the amino ester 3a and 3e in
81 and 92% yield, respectively. Saponification of the resulting amino esters gave free
oaAA 4a and 4e which were N®-protected with fluorenylmethyloxycarbonyl
(Fmoc) group to provide the C*“-disubstituted phenylalanine analog, dibenzyl-
glycine (Fmoc-Dbg-OH) 5a and the orthogonally protected, tetra-functional aspartic
acid analog, 2,2-bis(tert-butylcarboxymethyl)glycine (Fmoc-Bcmg(Ot-Bu),) 5e in
good yields.

R R
R R J
RX DIEA, R/ Y R g Zo/AcoH H2N>\”/05t
o NAH/OEt +  or ON or
\ o)
X EWG DMF or CHsCN O, MM
7 3a 81%
1 3e 92%
0
R R TMSCI, DIEA I RGR
KOH/H,0-EtOH )QH/OH Fmoc.Cl Q o NWOH
HoN (] H
) or O CHQC|2 O
LIOH/H,O-EtOH 5a 80%
4a 85% 5e 71%

4e 82% a R=CHyPh
e R=CH,CO,tBu

Scheme 1. Synthesis of N¥-Fmoc-protected aa AAs.
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Table 1. Alkylation of ethyl nitroacetate to C™%-dialkylated nitroacetates 2.

Entry Electrophile Time (h) Temp. (°C) Prod # Yield (%)

1 PhCH,Br 1 25-60 2a 63
2 p-O,NPhCH,Br 2 0-25 2b 75
3 p-NCPhCH,Br 2 0-25 2c 82
4 p-CH;0,CPhCH,Br 2 0-25 2d 72
5 (CH;);,CO,CCH,Br 24 50 2e 79
6 CH,=CHCHBr 24 60 2f trace
7 CH,=CHCH,I 24 60 2f 45
8 CH,=CHSO,Ph 30 25 29 70
9 CH,=CHCO,t-Bu 48 25 2h 89

10 CH,=CHCN 48 25 2i 87

As an example of their utility for peptide synthesis, sterically hindered Dbg was in-
corporated into peptide using SPPS. In our studies, coupling of Fmoc-Lys(Boc)-OH
onto the N-terminus of Dbg on PAL resin using PyAOP, PyAOP/HOAt or HATU
were ineffective, however the acylation of Dbg with pre-formed Fmoc-Lys(Boc)-sym-
metrical anhydride in DCE/DMF (v/v, 9 : 1) in the absence of base gave an amost
quantitative coupling yield. The enhanced reactivity of the symmetrical anhydride
may be due to the anchiomeric assistance provided by H-bonding (Figure 1), which
was more pronounced in the aprotic non-polar solvent. When the acylation was carried
out in a more polar solvent, the coupling efficiency decreased (81% coupling yield in
1: 1 DCE/DMF; 52% coupling yield in pure DMF). The fact that the non-polar sol-
vent swells the PAL resin efficiently may also attribute to the successful coupling.

f,d
R

Fig. 1. Anchiomeric assistance from H-bonding when coupling to symmetrical anhydrides.
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Synthesis of 3-Benzo[b]thiophene Dehydroamino Acids by Suzuki
Palladium Catalyzed Cross Coupling
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Maria-Jodo R. P. Queiroz and Natalia Silva
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Introduction

a,B-Dehydroamino acids are an important class of non-proteinogenic compounds.
Some of them are found in natural biologically active peptides, and, when inserted in
peptide chains, cause conformational constraints [1]. In addition, they are valuable
synthons for chemical synthesis of new amino acids [2]. Recently, we developed an
efficient method for the dehydration of B-hydroxyamino acids to obtain C-protected
N-acyl-N-Boc-dehydroamino acids [3]. We now report the use of these compounds as
precursors for palladium-catalyzed Suzuki cross-couplings [4] to give B-benzo-
[b]thiophene dehydroamino acids.

Results and Discussion

The Z-isomer of N,N-diacyl dehydroamino acid derivatives was stereoselectively syn-
thesised from the respective N-Boc-f3-hydroxyamino acids by a previously described
method [3]. In a one-pot procedure, the methyl ester of N-tert-butyloxy-
carbonyl--bromo-dehydroamino acids [Boc-Aaa(3-Br)-OMe] was obtained by selec-
tive cleavage of one of the Boc groups of the methyl ester of the corresponding
N,N-Boc,-dehydroamino acids with trifluoroacetic acid, followed by bromination with
N-bromosuccinimide. In the case of Boc-AAbu(3-Br)-OMe and Boc-APhe(3-Br)-OMe
the reaction yielded the Z-isomer predominantly.

CH(R)OH CHR C(R)Br
OMe BOCZO OMe 1) TFA, NBS )Kr( OMe
BocHN )\T( — (Boc)zN/lS]/ 2 Et_’aN BocHN
o DMAP 5 o
1 2a (92%) 3], 3a (92%),
R:H, a; CHg, b; CgH, c. 2b (87%) [3], 3b (87%),
2¢ (98%). 3¢ (83%).

Scheme 1.

Benzo[ b]thiophenes were functionalized by boronation, either on the thiophene ring
(position 2 or 3), or on the benzene ring (position 7). This was achieved by halogen
lithium exchange of the corresponding bromo benzo[b]thiophenes, followed by boron
transmetalation and acid treatment. The obtained boronic benzo[b]thiophene acids
were reacted with the above [-bromine-dehydroamino acid derivatives under the
Suzuki cross-coupling conditions, in which the stereochemistry is generally main-
tained [4] (Scheme 2). After chromatographic purification, the yields of B-benzo-
[b]thiophene-dehydroamino acid methyl esters were within the range of 72 to 82%,
except for Boc-AAla(3-2,3-dimethylbenzo[b]thien-7-yl)-OMe (Table 1). These com-
pounds were fully characterized by spectroscopic methods and elemental analysis.

These results show that the Suzuki reaction offers a valuable method for the synthe-
sis of the target compounds. Some of the obtained coupling products might be useful
for peptide mimetics, as they are sulfur analogues of dehydrotryptophan.
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S
B(OH 2 R
©\/ )2 j;‘/ Pd(PPhg), Na,CO,4 2N
N -
S BocHN DME, H,0 | OMe

BocHN
T=85°C 0
OMe  Pd(PPhg), Na,CO4 4
+ BocHN _ s R
DME, H,0 |
T=85°C OMe
R=H, CHj, CgHs BocHN é

Scheme 2.

Table 1. Yields and elemental analysis of the 3-benzo[ b] thiophene derivatives.

Elemental analysis

Compound Yield found (cal culated)
Boc-AAla(B-benzo[bjthien-2-yl)-OMe 81 C,6L00:H,574 N, 407: S, 931
(C. 61.24: H. 5.74; N, 4.20; S, 9.62)
Boc-AAla(B-benzo[bjthien-3-yl)-OMe 72 C,6L12 H,5.77:N, 423 S, 952
(C. 61.24: H. 5.74: N, 4.20; S, 9.62)
Boc-AAla(p-2,3-dimethylbenzo[b]thien-7-yl)-OMe 40 C 6339 H,657 N, 388 S, 8.68
(C. 63.14: H. 6.41: N, 3.88; S, 8.87)
Boc-AAbu(B-benzofbjthien-2-yl)-OMe 77 C 6229 H,6.10; N, 4.00; S, 8.99
(C.62.32: H. 6.09; N, 4.03: S, 9.23)
Boc-APhe(B-benzo[b]thien-3-y1)-OMe 820  C, 67.17:H,592 N,3.46; S, 7.54

(C, 67.46; H, 5.66; N, 3.42; S,7.83)
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Efficient Diaster eoselective Synthesis of a Hydroxyethylene
Dipeptide | sostere
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Introduction

Many inhibitors of enzymes have been designed by replacing the scissile amide bond
in a substrate with a hydrolytically stable functionality, such as hydroxyethylene [1].
The hydroxyethylene (HET) dipeptide isostere serves as a “transition state” inhibitor
and mimics the tetrahedral intermediate formed during hydrolysis (Figure 1) [2].

_HNH{\{H\H)L f\x/L

Fig. 1. Structure of isosteric replacement.

The HET isostere contains three asymmetric carbons. An appropriate stereo-
chemistry at each chiral carbon is of utmost importance for biological activity. For ex-
ample, B-secretase inhibitor, OM99-2 has Leu-Ala HET isostere in the 1S52S4R
configuration [3]. However, y-secretase inhibitor, L-685458 has Phe-Phe HET isostere
in the 1S,2R,4R configuration [4]. This work presents an efficient methodology to pre-
pare all the four possible stereoisomers of HET starting from an aldehyde.

Results and Discussion

The first step in the synthesis was nucleophilic addition of lithium ethylpropiolate an-
ion to L-Boc-Phe-H (1) [5]. The reaction proceeds via a chelated five-membered tran-
sition state (2), which is formed by coordination of lithium anion with carbonyl
oxygen and amine simultaneously [6]. This mechanistic insight suggested that addi-
tion of atransmetallation agent would enhance Cram-selectivity (threo) (3) and addi-
tion of a cation-complexing agent would enhance anti-Cram-selectivity (erythro) (4)

H:,,, H s CCO,Et Ho,, C: CCOzEt L
Boc—HN\ C: CCO,Et

Boc-HN O LDA BocHN +  Boc-HN
1

1) Hy/Pd/C

2) AcOH/Tol
—
3) Separation

(15,25) 5 (1S,2R) 6

Scheme 1.
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[7]. Thus addition of ZnBr, to the reaction mixture significantly improved Cram-
selectivity to afford threo product (3), which was hydrogenated and cyclized in 2.5%
AcOH/ toluene to afford lactones (Scheme 1) (5: 6 = 9: 1). In the absence of ZnBr,,
the ratio of 5: 6 was 7 : 3. Surprisingly, addition of a complexing agent, HMPT or
TMEDA did not improve anti-Cram-selectivity (5: 6 = 7 : 3). Furthermore, it was ex-
pected that changing the reaction solvent from THF to ether would enhance Cram-
selectivity (e of ether and THF 4.3 vs 7.6, respectively), but the ratio of threo to
erythro remained approximately same (5: 6 =7 : 3).

After chromatographic separation, lactone 5 was alkylated in a kinetically-
controlled fashion with benzyl bromide at —78 °C in the presence of LHDS base to af-
ford SSR-lactone (7) [8]. SS,SLactone 8 was obtained from 5 by epimerization in
the presence of LDA at reflux or LHDS at 0 °C (Scheme 2). SR,S and SR,R-lactones
were obtained in the similar fashion starting from lactone 1S,2R-6.

BrCH,Ph LDA/THF
15,28-5 ——» H-- —_—
LHDS BocN or
LHDS
N (6]
18,2S,4R-7 18,25,45-8

Scheme 2.

The lactone 7 or 8 could be opened with 1 N NaOH/acetone to a hydroxy acid and
the hydroxyl group is selectively protected as TBS prior to incorporating in the syn-
thesis.
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One-Pot Conversion of Azides to Protected Guanidines
via the Staudinger Reduction; Synthesis and Utilization
of the Phe-Arg Hydroxyethylene Dipeptide | sostere
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Introduction

During the course of the synthesis of the Phe-Arg hydroxyethylene dipeptide isostere
[1] as a potential inhibitor of botulinum neurotoxin A we developed a simple one-pot
reduction/guanylation procedure for the conversion of akyl azides to N,N'-bis(tert-
butoxycarbonyl)guanidines. Herein we describe this procedure and discuss progress
made towards incorporating this isostere into a 17-mer peptide chain.

Results and Discussion

Reduction of azide 1 (Figure 1) via catalytic hydrogenation or tin(ll) chloride consis-
tently gave only complex reaction mixtures and low yields of the desired amine, pre-
sumably due to an intramolecular (or intermolecular) attack of the newly formed
amine on the lactone carbonyl. In order to minimize these possible side reactions, a
one step reduction/guanylation procedure was envisioned which would eliminate the
need to isolate the free amine. The Staudinger reduction is amild conversion of azides
to primary amines [2,3]. Preliminary studies indicated that known guanylation reagent
2 [4] was stable to these reduction conditions, and these conditions were chosen for
the desired overall transformation.

0}

N
BOCNJ\NH Boc
2

CozHN" _— CbzHN
o PhP, THF, H,0 !

3
1 3 J"NHBoc

BocN

on

Fig. 1. Saudinger based guanylation.

In the event, triphenylphosphine was added to a room temperature mixture of 1, 2
and H,O in THF (Figure 1). Evolution of nitrogen commenced immediately and the
reaction was allowed to stir overnight at room temperature. The mixture was concen-
trated in vacuo and the residue purified by flash column chromatography to yield 71%
of the desired product 3.

Surprisingly, when azide 4 was treated according to the conditions in Figure 2,
none of the desired guanidine 5 was obtained. Instead, the major product was identi-
fied as the stable betaine in which the phosphazene nitrogen has deprotonated the
carboxylic acid. By altering the reaction conditionsto 1 M LiOH, azide 4 is converted
to guanidine 5 in 62% yield after purification by flash column chromatography and
crystallization. Removal of the Cbz group from 5 via hydrogenolysis, followed by pro-
tection as the Fmoc derivative, occurred uneventfully to produce the desired dipeptide
isostere 6 as a tripeptide derivative in a form amendable to solid phase peptide synthesis.
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CbZHN\)L &L BOCN NHBOC CbZHN\/I\ &

TnHN - TrtHN\"/
o w\ Ph3P, H20, IM LiOH, THF |
4 3

5 H

BocN NHBoc

Fig. 2. Guanylation in presence of acid functionality.

Initial attemptsto coupleisostere 6 to resin bound 5-mer 7 (Figure 3) using DIPCDI
and HOBL as coupling reagents were unfruitful. The major product isolated from the
reaction washings was determined to result from intramolecular cyclization to form
the &-lactam. In an attempt to avoid this competing reaction, DPPA was used as the
coupling reagent [5]. While &-lactam formation was indeed slowed, the coupling to
5-mer 7 failed. Success was obtained by pre-forming the pentaflouropheny! ester of 6
in CH,CI, at 0 °C. Addition of 5-mer 7 in 0 °C DMF to this mixture afforded the de-
sired resin bound isostere 8 after repeated couplings. Work is currently in progress to
elongate this chain to the complete 17-mer.

1) HOPfp, DIPCDI, CH,Cl,, 0 °C

FmocHN
\.:)LHF Y  "OH  2)DIEA, NH,-Ala-Thr-Lys- Nle-Lequ
TrtHN BSO _ DME, 0 °C to rt overnight
O PAL- PEG PS Resin
BocN” ~NHBoc /(Ejj\
FmocHN\i < “NHz-Ala-Thr- Lys-Nle-Laqu
TrtHN R
o
e NH
BocN” “NHBoc

Fig. 3. Coupling of isostere 6 to 5-mer 8.
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The Synthesis of Tyrosine Mimetics via a Novel N(1)—-C(4)
Beta-L actam Cleavage Reaction
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Introduction

Phosphorylation and dephosphorylation of tyrosine are important mechanisms of sig-
nal transduction in the cell. These processes are mediated by tyrosine kinases, tyrosine
phosphatases, SH2 domains, and phosphotyrosine binding domains. In several disease
states, such as cancer and diabetes, various signaling pathways have gone awry. Thus
tyrosine-based peptidomimetics are important for the development of inhibitors of sig-
nal transduction proteins.

We have developed a reaction in which 4-(4'-hydroxyphenyl) -lactams (1), under
basic conditions, undergo a unique cleavage of the C(4)-N(1) bond with concomitant
guinone methide formation (2) (Scheme 1). Addition of nucleophiles to the quinone
methide produces tyrosine-like molecules (3) that have potential use in the develop-
ment of inhibitors of the signal transduction proteins above. Due to the inherent ring strain,

¢} HO
HO,
Base N H Nu Rs
N">CO,CH N _CO.CH )
2 3 RZ ~ 2 3 R2 N\/COZCH3
Rs o) o) o)
1 2 3

Scheme 1. Synthesis of tyrosine mimetics.

B-lactams are subject to ring opening reactions. The most common is cleavage of the
amide bond, i.e. 1,2 cleavage. Thisreaction is the basis of the activity of the penicillin
and cephalosporin antibiotics [1], as well as the mechanism-based inhibitors of human
leukocyte elastase [2] and the cytomegalovirus protease [3]. 1,2-Cleavage reactions
have also been employed in the synthesis of a variety of compounds such as macro-
cyclic alkaloids [4] and B-amino acids [5]. Thus our 1,4-cleavage reaction is a unique
mechanism in the field of B-lactam chemistry.

Results and Discussion

Starting with 4-(4'-hydroxyphenyl)-3-methyl-1-carbomethoxymethyl-azetidine-2-one,
a series of tyrosyl-glycine mimetics were synthesized (3). Nucleophiles used were an-
ions derived from methonol, nitromethane, benzylamine, malononitrile, methy! aceto-
acetate, and tert-butyl methylmalonate. Bases employed were NaOMe or DBU. In the
reaction with NaOMe in MeOH, two products were formed in a 3 : 2 ratio, ho doubt
due to addition of methoxide on either face of the quinone methide intermediate. This
suggested asymmetric induction. A series of analogues of 1 were synthesized in which
R2 was methyl, ethyl, isopropyl, benzyl and cyclohexylmethyl. As the size increased
from methyl to isopropyl, the diastereomeric excess increased from 20 to 66%. Cyclo-
hexylmethyl also produced a large d.e., 55%, but surprisingly the benzyl substituent
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resulted in a very low d.e. A similar trend occured when the nucleophile was nitro-
methane.

When R2 of 1 (Figure 1) was phenoxy or acetamido, 1,6 conjugate addition to the
quinone methide did not occur. Instead, elimination to the corresponding cinnamidyl-
glycine was observed (4). Protection of the phenolic oxygen of the -lactam as a benzyl
ether lead to recovery of only starting material. Thus the observed elimination was ac-
tually a rearangement of the quinone methide intermediate.

HO,

H
© R
0 R
- 5a COCH;
| N 5b COztBU
N_ _CO,CHj3 Rz R R
R2 ~ 4a OC6H5 2 ! 5c H
4b NHCOCHS
5

4
Fig. 1. Tyrosine mimetics.

1,6-Conjugate addition of methyl acetoacetate or tert-butyl methylmalonate anions
to 2 lead to further reaction. The glycyl nitrogen atom attacked the carbonyl carbon of
the methyl ester in an intramolecular aminolysis reaction to give the corresponding
piperidine 2,6-diones (5). These compounds are of interest because they represent
highly constrained tyrosine mimetics that have “x!" angles similar to those found in
peptide substrates of insulin receptor kinase [6] and SH2 domains [7], ca —60°.

In conclusion, we have developed a novel method to synthesize tyrosine mimetics.
We will be applying these mimetics as inhibitors of the Src kinase and SH2 domains
in the future.
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Introduction

The Michael addition is one of the most important and generic synthetic tools for pro-
ducing quaternary carbon atoms. However, there are few reports on the use of this
conjugate addition of nucleophiles to a,3-dehydroamino acids [1-3]. The limited use
of dehydroamino acids in these reactions can be assigned mainly to the fact that these
compounds are poor Michael acceptors. However, we found that double acylation of
the amino group of a,3-dehydroalanine derivatives greatly enhances the reactivity of
these compounds towards nucleophilic addition. Thus, by addition of nitrogen and sul-
fur nucleophiles to these double acylated dehydroalanine derivatives, with potassium
carbonate as base and acetonitrile as solvent, we were able to carry out high-yield syn-
theses of several (3-substituted alanines [4]. The same method gave the corresponding
B-substituted dehydroalanine derivatives when 4-toluenesulfonyl was substituted for
one of the amine acyl groups [5]. In view of these results, we decided to expand the
scope of this reaction to other nucleophiles.

Results and Discussion
Addition of thiols, carbon nucleophiles and amines to N,N-diacyl dehydroalanine
methyl esters was carried out in acetonitrile in the presence of K,CO; (Scheme 1).

CHNu

M
Boc- II\I OMe

P O
1a (81%)[4], 2a (83%), 1b (91%)[4], 1c (83%),
/ 2¢(72%), 1d (80%), 2d (84%), 1e (83%),
CH, ooy (9%),26(81%), 1g (72%), 2g (83%),
2°93"  1h (71%), 1i (96%), 1j (77%), 2j (84%).

Boc-N OMe + NuH CHLON

1 .
P O &) CHNu
1,2 /U\rr OMe
Boc— N
H

3a (83%), 3b (86%), 3h (75%), 3i (85%).
P: tert-butyloxycarbonyl (Boc), 1; N-(4-toluenesulfonyl),(Tos), 2.
NuH: thiophenol, a; methylmercaptoacetate, b; diethyl malonate, ¢; 1,3-cyclohexadione, d;
2,4-pentadione, e; benzylamine, f; cyclohexylamine, g, Boc-His-OMe, h;
Boc-Cys-OMe, i; Z-Lys-OMe, j.

Scheme 1.

Reaction of the nucleophiles with compound 1 gave the corresponding B-substi-
tuted alanine derivatives in high yields. Addition of amine and carbon nucleophiles to
compound 2 gave similar results, but the sulfur nucleophiles behaved in away similar
to that found for heterocyclic nitrogen nucleophiles [5], the product of addition under-
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going elimination of tosyl to give the corresponding a,B-unsaturated product. With
thiophenoal it was possible to isolate the 3-substituted alanine intermediate derivative,
leading to the respective N-Boc--substituted dehydroalanine methyl ester when the
reaction was extended for 3 days. However, isolation of the addition product could not
be achieved with methylmercaptoacetate, since it rapidly evolved to the 3-substituted
dehydroalanine derivative. The reaction of thiols with dehydroalanine derivatives was
much faster than that with carbon nucleophiles or amines, making it possible to add
4-aminothiophenol to compound 1 selectively to give Boc-Ala(N-Boc,[3-4-amino-
phenylthio)-OMe in 87% yield. Addition of these nucleophiles to a dehydroalanine di-
peptide was also carried out successfully. Thus, reaction of thiophenol, methyl-
mercaptoacetate, 1,3-cyclohexadione and benzylamine with Tos-Gly(N-Boc)-
AAla(N-Boc)-OMe yielded the respective -substituted alanine dipeptides in yields of
87, 90, 60 and 53%, respectively.

These results led us to investigate the possibility of linking amino acids containing
imidazole, thiol and amine functions on their side chains to Boc-AAla(N-Boc)-OMe.
The reaction of Boc-Hiss-OMe, Boc-Cys-OMe and Z-Lys-OMe with 1 afforded the
corresponding cross-linked amino acids in yields of 71, 96 and 77%, respectively.
These cross-linked amino acids can be found in food after food processing, and some
have biological activity [6]. The product of addition of Boc-Cys-OMe to 1 is a
lanthionine derivative; lanthionine is a component of a class of natural peptides known
as lanthibiotics (nisin, subtilin and others) and is also found in other natural products
with imunostimulant and antitumoral activities [7]. Reaction of Z-Lys-OMe with 2 af-
forded the expected cross-linked [3-substituted alanine derivative in an 84% vyield, but
Boc-His-OMe and Boc-Cys-OMe afforded the corresponding dehydroalanine deriva-
tives, Boc-AAla(B-Boc-His-OMe)-OMe and Boc-AAla(-Boc-Cys-OMe)-OMe, in
yields of 75 and 85%, respectively. These novel cross-linked B-substituted a,3-dehydro-
amino acid derivatives are unique in that their double bond introduces an additional ri-
gidity into the molecule, which might be of importance for application in peptide
mimetics.
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Introduction

Previously described syntheses of lactam-constrained dipeptide amino acids involve
lengthy and expensive procedures to obtain an aldehyde intermediate 4 [1]. We report
a genera route from D-glutamic acid to lactam-dipeptide units. The target lactam-

constrained amino acid has a six-membered ring back-bone and isopropy! and isobuty!
side-chains (Figure 1). The overall synthesis is shown in Figure 2.

(0]
N \.)LOH R=i-propyl

N
FmocN\ H g
H o = i-butyl
Fig. 1. Target lactam-constrained amino acid.
0 o}
Q BocHN
o (Boc)oN
HyN ~ (o}
2 OH 1) T™MS-CI ~ ~
Allyl alcohol Boc,0. DMAP
A
o
o 2) Et3N, Boc,0 o CH,CN (o]
OH §
/ /
1 2
3
DIBAL
Et,0, -78°C
o o}
(BockN (Boc),N 0
OH O\ HCl.Val-OtBu
Pd(PPhy), or (Boc)N O
o Morpholine o HCI *Leu-OtBu x
DCM Na(CH,C0,);BH
HN\:)J\O,BU HN\')LOtBu TEA, DCE o
z H H
R R
4
6 5
HATU, DIEA
CH,CN
0o ¢}
oo oy DIEADCMUD N Ao Reipropy
2 6o = 2) TMS-CI, DIEA, H o = i-butyl
R Fmoc-Cl R
8

.
Fig. 2. Overall synthesis of DPUs.
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Results and Discussion

The key to the synthesis of DPU is the synthesis of the a-amino acid semialdehyde 4.
The first two steps involve the protection of the carboxylic acid units and amine nitro-
gen with allyl alcohol and di-t-butyl dicarbonate, respectively. Dialyl diester 3 reduc-
tion is extremely selective, where reduction of only the side-chain ester over the
o-ester is needed. Martin et al. achieved the selective reduction to the semialdehyde
by the use of methyl ester [2]. Using the methy| ester, the reaction conditions were
highly sensitive to the reaction temperature and the reaction time. Over-reduction of
both ester functions is observed and in addition reduction takes place to the corre-
sponding alcohols as side reactions. We eliminated these side reactions by using allyl
ester instead of methyl ester and achieved high selectivity and a 99.6% yield. Temper-
ature changes and extended reaction time have no effect on the selectivity or yields.
We believe that the additional steric bulk of allyl ester in addition to the Boc- groups
on the nitrogen results in exclusive DIBAL-H reduction of the side-chain allyl ester.
Reduction product was verified by FAB-MS (372, M+H*) and by the disappearance of
one allyl group according to *H and 3C NMR, and the appearance of the characteristic
aldehyde proton. Compound 6 can be cyclized to the constrained dipeptide amino acid
7 by an intramolecular amide bond formation. X-Ray crystal structure of the product
having the isopropyl side-chain is shown in Figure 3. Subsequent transformation
yields the desired dipeptide unit 8 in 51% overall yield from the eight step synthesis.
DPU products were verified by FAB-MS (437, M+H*) and (451, M+H"*) for R =
isopropyl and R = isobutyl, respectively.

Fig. 3. X-Ray crystal structure of DPU (R = isopropyl).
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Synthesis of N-(Fluor en-9-ylmethoxycar bonyl)-Né-[(7-
methoxycoumarin-4-yl)-acetyl]-L-lysine for Use in
Solid-Phase Synthesis of Fluorogenic Substrates
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Introduction

Quenched fluorescent peptides contain a fluorescent group separated by a short pep-
tide sequence from another moiety which quenches fluorescence by resonance energy
transfer. Fluorogenic substrates provide a particularly convenient enzyme assay
method, as they can be monitored continuously and utilized at reasonably low concen-
tration ranges. Peptides labeled at the N®-terminus with 7-methoxycoumarin-4-acetic
acid and quenched by the 2,4-dinitrophenyl group at the N&-position of lysine or
L-2,3-diaminopropionic acid have been used in the design of fluorogenic substrates
for matrix metalloproteinases [1,2]. However, we presently wish to incorporate
7-methoxycoumarin-4-acetic acid within the sequence Gly-Pro-Lys[(7-methoxy-
coumarin-4-yl)acetyl]-Gly-Pro-GIn-Gly-Leu-Arg-Gly-GIn-Lys(Dnp). In order to acheive
this goal, we explored the direct synthesis of Fmoc-Lys(Mca). If Fmoc-Lys(Mca) could
be prepared easily, it could then be incorporated efficiently into a desired sequence by
Fmoc-based solid-phase peptide synthesis.

Results and Discussion

The preparation of Fmoc-Lys(Mca) was considered by several routes. Initially, we ex-
amined the use of commercially available Fmoc-L-Lys to prepare the desired deriva-
tive. Fmoc-Lys could be dissolved in DMF and reacted with the preformed HOBt ester

OH

Q
NH, N
CuCO3.Cu(OH), /\/\i Cy,
OH A2
HZN/\/\)\H/ ——> | HN

reflux, 4 h

Hy,CO 0" %o

X

c .
DCC, HOBY, DIEA N & Y2 Chelex 100 (H * form) _
_— H H, _
DMF-CH 4CN N H,0-CH, OH
H,CO 0" Vo
4

/\/\XOH /\/\j:OH
N NH, H NHFmoc

X FmocOSu, NaHCO 4 N
Zfogosu, merP s

H,CO 0" o H, O-acetone H,CO 0" %

Scheme 1.
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of 7-methoxycoumarin-4-acetic acid. However, separation of Fmoc-Lys(Mca) from
unreacted 7-methoxycoumarin-4-acetic acid proved to be difficult. We were recently
successful in preparing a glycosylated derivative of 4-hydroxy-L-lysine using a cop-
per-complexed intermediate [3], and thus decided to use an analogous approach to
prepare Fmoc-Lys(Mca) (Scheme 1).

Fmoc-Lys(Mca) (6) was recovered by crystalization from hexane in good yield
(51%).The integrity of the Fmoc-Lys(Mca) derivative was confirmed by ESMS and
IH NMR spectroscopy. Fmoc-Lys(Mca) exhibited an excitation maximum at A =
330 nm and an emission maximum at A = 390 nm. These properties are consistent with
those previously reported for peptides containing an N®-amino Mca group or Amp
[1,2]. Fmoc-Lys(Mca) is being used for the solid-phase synthesis of the triple-
helical fluorogenic substrate (Gly-Pro-Hyp)s-Gly-Pro-Lys(Mca)-Gly-Pro-GlIn-
Gly~Leu-Arg-Gly-GIn-Lys(Dnp)-Gly-Va-Arg-(Gly-Pro-Hyp)s-NH, (fTHP-4; Figure 1).
This substrate is used to study matrix metalloproteinase triple-helical peptidase activ-
ity [4]. fTHP-4 will be assembled on a PE-Biosystems 433A Peptide Synthesizer us-
ing Fmoc-Lys(Mca) in conjunction with Fmoc-based chemistry.

? Q Q Q Q
o o —H-E:S—H-Em-”_q:f—ﬁ_$$_NhEHC_H_g:f—N-gLf—H-gHC—N—gx;?—$:QC_OH
~NGHC-N-GHC— GHe GHCH3  CH, GH2  GHz CHy  CHz
1% CHe T H =0 CHy  Chy =0 GH OHe
HzN-EHC- g:z NH, NH NHj GHe NH
2 C=NH NH C=NH
Ha 2 NH
Hﬁ\:l " ogN’C[Nog "
o
=
o] CHz

Fig. 1. Structure of fTHP-4.
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Introduction

Paclitaxel (taxol), one of the most promising anticancer agents, bears the
(2R,39)-N-benzoyl-3-phenylisoserine unit in its C-13 side chain. Recent studies have
shown that the 2'-hydroxyl functionality is crucia for microtubule binding, perhaps
acting as a hydrogen bond donor [1]. In light of this postulate, the synthesis of ana-
logues containing the 2'-thiol functionality would be of considerable interest to under-
stand the features of the paclitaxel-binding site on microtubules and to develop more
desirable compound than paclitaxel. In addition, peptidomimetics bearing a thiol moi-
ety as a zinc-chelating group are of great interest in the development of potent inhibi-
tors for numerous zinc-metalloproteases.

Results and Discussion

In the previous paper, we demonstrated the potential utility of oxazoline-
5-carboxylates as the synthetic equivalents of an a-cation for the preparation of a-sub-
stituted-3-amino esters [2]. In this presentation, we report stereoselective synthesis of
both anti and syn S-acetyl-N-benzoyl-3-phenylisocysteine, coupling-ready reagents for
the synthesis of 2'-sulfur analogues of taxol C-13 side chain. The synthesis of anti iso-
mer 9 was relatively straightforward (Scheme 1). On the other hand, the preparation of
syn isomer 15 was rather complex and the choice of protecting group was essential
throughout the synthesis (Scheme 2).

To prepare dipeptides containing the B-amino-a-mercapto acid, we examined the
ring-opening reaction of oxazoline-5-carboxamides with thiolacetic acid (Scheme 3).
Treatment of trans-18 with thiolacetic acid led to the anti acetylthio amide 19. Re-
moval of the acetyl group using lithium hydroxide gave the anti thiol amide 20. On the
other hand, cis-17 was not ring-opened with thiolacetic acid even at higher reaction

o Ph
i) 10% HCI, reflux 4 h /';‘:2/1?\ BzCl, Et3N, CH;CIzPh/U\NH ] Tf,0, DMAP, CH,Cl, Nk:/<0 i) Ho/Pd-C, EtOAc
2 ——————— py Y OBn-TSOH—— ™ A ———————— Ph" Y "
i) TSOH, BnOH, benzene OH 0°tort. Ph Y OBn  .30°Ctort. : ii) p-MeO-BnOH, DCC,

Dean-Stark, 10 h

Z s
Sta 939 OH 90% 07 >oBn DMAP, 69%
o

10 11 12
o

o
Ph
N=( CHyCOSH - NH O TFA-anisole (5:1) P 0
L_o —_— - _ B
o 90°C, 1.5d Ph" Y TOPMB 98% Py ou
z S.__Me S
o opms 78% M

bl
0

13 14 15

e
o}

Scheme 1. Preparation of anti 3-amino-a-mercapto acid.
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o o o
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/\)?\ AcNHBr/LIOH Me™ "NH O reflux 10 h (twice) Ph”™ "NH O MsCl, EtsN, THF Ph™ "NH O DBU, CHCly
P NN0Pr 10s0,0H), PR Y “OPr i)B2CLEGN, CHCl, PhT Y COMe  0%tort. PN Y OMe ronu 2n
(DHQ),-PHAL OH 0°%tort. OH 93% OMs 91%
1 81% 2 3 ’ 5
88%
& P X, x
N:<0 i) LIOH, MeOH/H,0 N:<O _CHCOSH Ph TFA-anisole (5:1) PV NH O
o 4 — _
PH j ii) p-MeO-BnOH PN 7occ 14h F’“/\)J\OPMB 98% P“/\SHJ\SH
DCC, DMAP e
0% “oMe 6% 07 oPMB  89% \[( g
6 7 80 9 ©
(trans:cis = 25:1)
Scheme 2. Preparation of syn 3-amino-a-mercapto acid.
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Scheme 3. Ring-opening reaction of oxazoline-5-carboxamide.

temperature and longer reaction time. As explained in the previous paper [2], the
lower reactivity of the cis-oxazoline ringsis due to the severe steric repulsion between
the phenyl group and the ester or amide groups at the transition state. To demonstrate
the possible utility of this method, the model dipeptide 22 was synthesized from 6 in
excellent yield (Scheme 4).

Ph
N=( BzNH o
i) LIOH, MeOH/H,0 RN CHgCOSH,70°C, 6h
8 Ph Ot-Bu
i) HCI H,N-Ala-Ot-Bu, EDCI HCI PN Ot-Bu 91%
HOBL, #Pr,NEt, CH,Cly H §
0°C, 18 h, 86%
21 22

Scheme 4. Preparation of anti 3-amino-o-mercapto acid containing dipeptide.
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Introduction

Oxygen-linked glycopeptides are vital constituents of biological membranes and their
carbohydrate moieties play key role in molecular recognition processes [1]. However,
O-glycosidic bonds in these molecules are sensitive to both chemical and enzymatic
deglycosylation. Preparation of the hydrolytically more stable C-glycosylated analogs
has attracted much attention recently. The objectives of this study were to prepare a-
and [3-amino acids [3-linked to the carbohydrate moiety as building blocks in combina-
torial approaches to generate glycopeptide mimetics by solid phase peptide synthesis
methods.

Results and Discussion

The key intermediates for synthesis of C-glycoamino acids were formyl C-glycosides
prepared from either a/f-perbenzylated gluco-/galactopyranosyl cyanides (Figure 1a)
or sugar lactones (Figure 1b). The B-glycosyl cyanides were obtained from the corre-
sponding sugar bromides with Hg(CN), [2]. The a-anomeric forms were obtained
from either B-S-ethyl thioglycosides [3] or a-trichloroacetimidate [4] with trimethyl-
silylcyanide (TMSCN). The reaction of 1-O-acetyl sugar derivatives with TMSCN in
the presence of boron trifluoride resulted in anomeric mixture of the cyanides (a : B =
1: 1) [5]. The sugar lactones were prepared by oxidation of the corresponding
hemiacetal [6]. Reductive hydrolysis of the cyanides by diisobutylaluminium hydride
(DIBAL-H) [7] and epimerization under mild basic conditions [8] afforded the more
stable B3form of the respective aldehyde. An efficient method by Dondoni [6] for the

a. from glycosyl cyanides|7]:

R1 OBn a R1 OBn
BnO > CN 43% BnO >
nO nO

(a)i, 2 eq DIBAL-H then H,SO,; ii, 10% Et,;N in CH,Cl,-iPrOH

R;=H or OBn, R,= OBn or H

b. from sugar lactones [6]:
R1 _OBn R1 _OBn
o} a,b,cd
BnO = 30% BnO
BnO © BnO

(a) 2-lithiothiazole -78 °C, 75%; (b) Ac,0, Pyr, 92% (c) 10 eq Et,SiH, 2.8 eq TMSOTT, 4A MS, 86%
(d) i, 1.3 eq MeOTf, MeCN; ii, NaBH,, MeOH: iii, HgCl,, MeCH-H,O; iv, 10% Et,N in CH,CI,-iPrOH, 51%

Fig. 1. Preparation of formyl C-glycosides from (a) glycosyl cyanides and (b) sugar lactones.
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introduction of a formyl group at the anomeric position of sugars provided also the
very important aldehyde intermediates for the preparation of C-glycoamino acids.

The Strecker synthesis of B-linked a-glycoamino acids of glucose and galactose

was carried out by reacting the respective sugar aldehyde with sodium cyanide and
NH,CI in methanol-water solvent. The resulting -linked a-amino nitriles were hydro-
lyzed to the corresponding racemic amino acids (Figure 2a). Reformatsky reaction of
the starting B-formyl sugar with 2-bromoacetic acid ester and zinc provided the
B-linked B-hydroxy acids from which functional group manipulation yielded the
B-linked target molecules as racemic mixtures (Figure 2b).

a. o—glycoamino acids by Strecker synthesis:

R1 O(B)n a R1 _OBn
R2 CHO — o R QY
BnO 61% BnO OH

BnO BnO
O

(a) i, NaCN, NH,CI, MeOH-H,0, RT; ii, HCI, MeOH, 100 °C
R,=H or OBn, Ry= OBn or H

b. B—glycoamino acids by Reformatsky reaction:

R1 Ogn R1 Ogn oH R1 OBn N
R2 2 o R2 b R2 Q5
Bn&/ cHo 65%  BnO COOEt 7a% . BnO COOEt
BnO BnO : BnO

R,=Hor OBn, R,= OBn or H

c | 78%

R1 OBn NH. O
(a) Zn, BrCH,COOEt, THF, reflux; (b) i, TsClI, Pyr; ii, NaN;, DMF; (c) i, PPh,, H,0; R2 Q 2
ii, HCI, MeOH, 78% BnO OH
BnO

Fig. 2. Preparation of C-glycoamino acids by Strecker and Reformatsky methods.
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New Quencher Derivatives for Fluorescence Quenching
Peptide Assays

T. A. Walton, D. J. Dick, D. Hudson, M. K. Johansson, M. H. Lyttle,
M. F. Songster and R.M. Cook
Biosearch Technologies, Inc., Novato, CA 94949, USA

Introduction

Doubly dye labeled peptides that utilize FRET quenching have many applications. A
new class of efficient quencher molecules, termed Black Hole Quenchers™, have
been introduced into peptides via phosphoramidite derivatives coupled to the hydroxy-
lic functions of serine, tyrosine, or hydroxyproline residues. The spectral characteris-
tics for the entire family (BHQ-1, BHQ-2, etc.) are matched to sets of fluorophores,
providing high sensitivity and low background detection in a variety of fluorogenic as-
says.

Results and Discussion
The following peptide was synthesized using FMOC synthesis chemistry:

Ser(Reporter)-Gly-Nle-Tyr-Gly-Arg-Gly-Ser(BHQ)
a-Chemotrypsin digestion site Trypsin digestion site

The quenchers were coupled to the hydroxyl groups on serine, tyrosine, and
hydroxyproline on NovaGel resins using phosphoramidite chemistry. The solvent was
CH4CN and the activator used was ethyl thiotetrazole (32 mg/mL). Couplings were
done at 100 mg/ml for 0.5 h followed by 1 min oxidation. The reporter was coupled to
the N-terminus in the same manner. Capping was not used in this synthesis. Four dif-
ferent peptides were synthesized with the following dye/quencher combinations:;
TAMRA/BHQ-1 (1), ROX/BHQ-1 (2), TAMRA/BHQ-2 (3), and ROX/BHQ-2 (4). Fi-
nal products were HPLC purified on a Hamilton PRP-1 column (10 x 250 mm, 7 um)
using alinear gradient of 95:5t0 0: 100 A : B over 20 min [A = 0.1% TFA (ag), B =
0.1% TFA in CH,CN].
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Fig. 1. Schematic representation of the loss of quencher moiety through a proposed -elimina-
tion mechanism.
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The lyophilized fractions from the HPLC purification were suspended in 1 : 2.5
CH3CN/H,0. This solution was diluted 1 : 40 in a-chymotrypsin digestion buffer (0.1 M
NH,HCO;) and 5 pL (=0.5 U) of a-chymotrypsin solution (2 mgin 1 mL buffer) was
added and allowed to react for 10 min before 2x serial dilutions were made out to
1: 320 of the original solution. Fluorescence measurements were then taken for these
solutions using a Molecular Devices SpectraMax Gemini fluorescence plate reader
providing signal to noise ratios of 34 for peptide 1 and 100 for peptide 3.

During the Fmoc deprotection step of the peptide synthesis, BHQ's attached to the
hydroxyl functionalized resin were removed by -elimination (Figure 1), the extent of
this side reaction is shown in Figure 2.

14 -
12 4 a ¢ Hydroxy-proline
O Serine
- 10 1
g A Tyrosine
m 0.8 -
e
S
4 0.6
3 8
ES n]
0.4 A
A
u}
0.2 4
v T o o ] O n]
00 —2 2 o o o 6 —
0 2 4 6 8 10

Fmoc Deprotection Cycle

Fig. 2. Extent of elimination from BHQ resins during synthesis.

In conclusion, fluorophore/BHQ FRET peptides provide a sensitive detection
method for enzyme cleavage assays, Hydroxyproline residues provide the most stable
attachment of BHQ' s via phosphoramidite chemistry. A new attachment method under
development involves the use of H-Lys(BHQ)-OH, which is expected to simplify the
procedure.
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Preparation of (2S)-2-Amino-3-(2-(2,2,5,7,8-pentamethyl-
chroman-6-sulfonyl)-1H-indol-3-yl)-propionic acid and Its
Incorporation into Antibacterial Lactoferricin Peptides

Bengt Erik Haug and John S. Svendsen
Department of Chemistry, Faculty of Science, University of Tromsg N-9037 Tromsg, Norway

Introduction

The transfer of the Pmc protecting group from arginine to tryptophan during
deprotection of peptides is a well-known side reaction in solid phase peptide synthesis
[1,2]. We have found that derivatives of bovine lactoferricin containing the Pmc moi-
ety have a higher antibacterial activity than unmodified peptides [3]. This has led to
the development of a strategy for synthesizing the Pmc-modified tryptophan residue
1 (Tpc), and incorporation of Tpc into the bovine lactoferricin model peptide
FKCRRWQWRMKKLGA (LFB) [4-6].

Results and Discussion
By employing trifluoroacetamide-protected tryptophan, the Pmc-modified tryptophan
1 (Tpc) was prepared as described in Figure 1. Instead of using Pmc-protected
arginine as the source of Pmc, an analogue 2 was prepared and used to synthesize Tpc.
In order to elucidate the effect of Tpc on LFB, the two tryptophan residues were re-
placed by Tpc and the resulting peptides were tested for antibacterial activity against
Escherichia coli and Saphylococcus aureus (Table 1).

LFB is believed to be antibacterial by a membrane disrupting mechanism, in which
the tryptophan residues are inserted into the bacterial cell membrane. The larger side
chain of Tpc can possibly position itself deeper into the cell membrane of the bacteria,

}\} NH COZH
COH Iv"
2 & NHTfa
NHTa , 17 M»—s0,
N\ N
H
N i
H
o}
l ii 3
COH COH
NHFmoc NH
\ 111 2
SO, - N SO,
N N
H H
o) ¢}
4 1

Fig. 1. Preparation of Tpc. Reagents and conditions: i) TFA, r.t., 1 h, 45-55%; ii) LiOH,
THF/MeOH/H,0, 12 h, 95%; iii) Fmoc-OSu, DIPEA, CH,Cl,, 12 h, 65%.
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Table 1. Antibacterial activity of LFB peptides containing Tpc.

Peptide? MICP E. coli MICP S aureus

LFB 50 (24) 100 (48)
LFB Tpc 6 75 (3.2) 10 (4.3)
LFB Tpc 8 15 (6.4) 75 (32)
LFB Tpc 6,8 25 (9.6) 75 (2.9)

a Sequence of LFB: FKCRRWCQWBRMKKLGA. b Minimal inhibitory concentration in pg/ml
and (UM).

and thereby disturb the packing of the phospholipids more effectively than tryptophan
itself. This results in a higher antibacterial activity of the Tpc containing peptides.
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UniChemo Protection (UCP)

Les Miranda and Morten Meldal
Department of Chemistry, Carlsberg Laboratory, DK-2500, Copenhagen, Denmark

Introduction

The applicability of chemical synthesis to peptides, oligosaccharides and other organic
molecules is limited and inherently complicated by existing functional group protect-
ing strategies. Protecting group strategies are used to render otherwise reactive func-
tional groups inert to a particular chemical reaction by appending a protecting group
that can later be removed without damage to the product [1]. In this arena, the number
and type of protecting groups influences the length, efficiency and complexity of a
given synthesis, and is often responsible for its success or failure. The differential pro-
tection of functional groups of similar reactivity in chemical synthesisisamajor chal-
lenge with conventional protecting group strategies, namely orthogonal protection and
graduated lability. In particular, the development of effective protective schemes for
polyfunctional molecules is not a trivial exercise.

Results and Discussion

To circumvent these restrictions, a novel protection strategy that greatly simplifies and
increases the ability to construct polyfunctional molecules is introduced. This new
concept, termed UniChemo Protection (UCP), is illustrated in Figure 1.

e 1 204 o 400 Orthogonal
§8 I 8 35K £ 350 " Protection
P, QIQ.R! 8‘@»’:‘2 R § 300
XXX XX X X X X X XXX XX 3 !
> < 2 Q .
- ?13 . V—R%'/ “ /Ri> % 200 K
: FIREY .
s .
4>, 5 4 R3 1 5sRY R3 R2 R! ® 100 .
Sorwr ORRRR RRRRR el S
XXXX)%( 4 XXxxXx 5 )fXXXX © c..::: ............. Protection
Tr = . 15 10 15 20 (UCP)
R# R’ No. of Functional Groups

O = UCP unit X = Any functional group R*"5= Diversity elements

Fig. 1. A. (left) The principle of unichemo protection (UCP). B. (right) Comparison of the mini-
mal number of chemical compatibility requirements for the synthesis of polyfunctional mole-
cules with existing orthogonal protection strategies and unichemo protection (UCP).

In contrast to existing approaches, this strategy only requires a single chemical pro-
cess for all deprotection reactions, and is not dependent on a multitude of finely tuned
and different compatible chemistries. The UCP groups are derived from a repetitive
module that permits their controlled and efficient step-wise removal. Functional site
selectivity is easily engineered by varying the degree of oligomerization at each site.
After each removal cycle, only the newly-liberated functional site is available for
derivatization. In principle, the UCP strategy does not impose a restriction to the pos-
sible number of selectively protected sites in a molecule.

The effectiveness and power of UCP chemistry was demonstrated by the controlled
derivatization of a pentalysine-based amino functionalized scaffold on the solid-
support. With conventional protection strategies, the controlled derivatization of five
or more otherwise identical amino groups (or hydroxyl groups) on the solid-support is
a very difficult or near impossible challenge in practice, requiring at least
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7-dimensions of orthogonality. To solve this problem, a N-sec-butylglycyl-based pro-
tecting group unit for the protection of amine functionality was devised. More specifi-
cally, the UCP concept in the form of N&-oligo(N-sec-butylglycyl) protected lysine
building blocks for the assembly of scaffold 1 has been succesfully demonstrated.

In this system, the UCP concept takes advantage of large reactivity differences be-
tween primary amino functional groups and the otherwise similar protecting group
units (Figure 2). High yields of oligomeric N-sec-butylglycyl protecting groups are
readily obtained using strong activation during amide-bond formation, i.e. PyBroP [1],
on the solid-support. Importantly, the UCP groups were completely inert to less
activated ONp and OSu esters derivatives. The inert character of the UCP secondary amine
protecting groups under mild acylation conditions thus allows for the chemosel ective
derivatization of newly liberated primary amino group with nitrophenyl or succin-
imide esters.

-
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Fig. 2. A. (left) Prototype UCP group: oligo N-sec-butylglycines. B. (right) Engineered proper-
ties of oligo N-sec-butylglycines group: For the assembly of the oligomeric UCP groups, strong
coupling chemistry (i.e. PyBroP) efficiently acylated the hindered secondary amine in DMF at
rt in 1 h. Importantly, for the derivatization of liberated primary amines, the protecting group
secondary amine was resistant to acylation by less activated esters, such as 0.1 M Boc-Ala-ONp
in DMF. For deprotection, phenylisothiocyanate (PITC) reacted in high yield to form the key
phenylthiocarbamyl intermediate before elimination.

For deprotection cycles, efficient step-wise removal of terminal protecting group
units was facilitated by a simple and reliable two-step procedure originally developed
by Edman for protein sequencing [2]. In the first step, PITC reacted quantitatively at
pH 8 with the terminal unit of the oligomeric protecting group (Figure 3). In the sec-
ond step, a quantitative cyclization and elimination reaction occurred at acidic pH, to
give the shortened protecting group via the expulsion of a phenylthiohydantoin deriva-
tive.

O 2. TFA
HNS NS FG ——— FG
ﬁ\ O —

Fig. 3. UCP deprotection procedure for the removal N-sec-butylglycyl modules.
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Accordingly, after the assembly of scaffold 1, each of the five primary amino
groups on the scaffold were successively liberated with PITC/TFA deprotection cycles
(Figure 4). Each newly liberated amino functional site was then readily acylated with
a given ONp ester derivative. After five deprotection-derivatization cycles, cleavage
from the solid-support afforded the desired molecule, 2, in good purity and yield.
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Fig. 4. Protection and controlled derivatization of a polyamino scaffold with UCP.

Although elegant and widely applicable, the N-sec-butylglycyl-based protecting
group reported here should be considered as a preliminary first generation system to
demonstrate the UCP concept. Forthcoming innovations and refinements of UCP pro-
tecting group modules should produce more robust, practical and broadly applicable
protection chemistries.

It is envisaged that this simple yet powerful generic strategy will open up many
new possibilities in areas including the combinatorial synthesis of highly substituted
scaffolds, peptides, template-assisted synthetic proteins (TASP), multiple antigen pep-
tides (MAP), oligosaccharide synthesis, and the general goal of automated organic
synthesis.

Acknowledgments
We acknowledge Rodney Gagné for helpful discussions. Supported by the Danish Na-
tional Research Council.

References
1Greene, T.W., Wuts, P.G.M. Protective Groups in Organic Synthesis, 3rd ed., John Wiley
& Sons, New York, 1999.
2. Edman, P. Acta Chem. Scand. 4, 283-293 (1950).
3. Coste, J., Frérot, E., Jouin, P. Tetrahedron Lett. 32, 1967-1970 (1991).

60



Peptides: The Wave of the Future
Michal Lebl and Richard A. Houghten (Editors)
American Peptide Society, 2001

An Improved Synthesis of Fmoc-Asp(O-3-methylpent-3-yl)-OH,
an Agpartate Derivative That Resists Base Induced Aspartimide
Formation

James G. Boyd and Wen Lin
Exploratory Medicinal Sciences, Pfizer Global Research and Development, Groton, CT 06340, USA

Introduction

The problem of aspartimide formation at Asp(OtBu) during Fmoc based solid phase
synthesis is well documented [1]. In 1996 Karlstrom and Unden demonstrated that the
more hindered 3-methylpent-3-yl (Mpe) B-ester of aspartate is remarkably resistant to
piperidine induced aspartimide formation, and its use results in significantly cleaner
crude products [2]. In our hands, the critical Mpe esterification step (via acid chloride 2)
has been troublesome, with yields typically in the range of 15-25%. We describe
significant yield enhancements and crystallization conditions for Fmoc-Asp(OMpe)-OH (5).

Results and Discussion
In order to assess various synthetic routes, a simple HPLC assay was developed. Inter-
mediate 2 can be conveniently monitored as methyl ester 4, which forms quantita-
tively upon dissolution of 2 in neat MeOH. Conversion of 2 to diester 3 or back to
starting material 1 (Fmoc-Asp(OH)-OBzl, purchased from Bachem) was used to opti-
mize reaction conditions. In multiple experiments it was noted that the concentration
ratio of product ester to starting acid [3]/[1] decreases with time. We suspected that in
situ generation of HCI at 60 °C was creating equilibrium deprotection conditions
within the reaction vessel. To minimize the accumulation of HCI, two equivalents
thionyl chloride in DCM were used to form the acid chloride. The solvent was evapo-
rated after 10 min and residual volatiles removed under high vacuum for 1 h. Alumina
(activated at 450 °C overnight) [3] was added to 2 followed by dry DCM and a large
excess of dry distilled 3-methylpentan-3-ol. The vessel was immersed in an oil bath,
DCM was evaporated under stream of nitrogen, and the syrup/alumina mixture stirred
at 55°C for 1 h. This procedure routinely results in 70-90% crude yield of 3.
Recrystallization of 3 from hot ethanol/water provided a pure product.

With careful monitoring by TLC or HPLC, benzyl ester 3 can be quantitatively re-
moved by catalytic hydrogenation without loss of the Fmoc group, although on several
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occasions significant loss of Fmoc was detected by the appearance of 9-methyl-
fluorene.

While crude product 5 was >95% pure by HPLC and HNMR, it resisted many at-
tempts to crystallize. An unorthodox but reproducible procedure was developed.
Crude 5 was dissolved in of 10% ether/hexane and hexane added until cloudy. After
most of the solute settled as an oily precipitate, the supernatant was decanted to a
clean beaker. More hexane was added to the cloud point and after settling, the clear
supernatant was decanted again to third beaker. Passive evaporation of the ether at
room temperature was accompanied by formation of seed crystals, which were col-
lected for recrystallization. The above precipitates/oils were pooled and dissolved in a
minimum of warm 10% ether/hexane. .Slow cooling to 23 °C with seeding gave air
stable crystals (m.p. = 86-86.5 °C). Attempts to improve recoveries by cooling re-
sulted in the formation of oil or oily crystals.
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Systematic Investigation of the Aspartimide Problem

M. Mergler, F. Dick, B. Sax, P. Weiler and T. Vorherr
BACHEM AG, CH-4416 Bubendorf, Switzerland

Introduction

Aspartimide formation is one of the best-documented side reactions in peptide synthe-
sis. Even bulky side-chain protecting groups such as OtBu do not prevent this unde-
sired reaction. In Fmoc/tBu-based SPPS, the repetitive piperidine treatments needed
for Fmoc removal lead to aspartimide formation and further by-products. Since the
combination Asp-Gly represents the worst-case scenario, the hexapeptide
Val-Lys-Asp-Gly-Tyr-lle (I) [1] was used in the present work to investigate parame-
ters influencing aspartimide formation (Fmoc-cleavage conditions, nature of Asp side
chain protection). Based on the idea of backbone-protection [2], Fmoc-Asp(OtBu)-
(Hmb)-Gly-OH was also synthesised and included in this study.

Results and Discussion
For Asp side chain protection, the following groups were applied for synthesis of | as
their Fmoc-derivatives. OtBu, [-3-methylpent-3-yl ester (OMpe) [3], 4-pyridyl-
diphenyl-methyl ester (OPyBzh) [4], the bicyclic ortho-ester 4-methyl-2,6,7-trioxa
bicyclo-[2,2,2]-octane (OBO) [4] and, as already mentioned, the combination OtBu
side chain protection plus Hmb-backbone protection. In the first step, several potential
by-products, VKdGYI, VKd(GYIl), VKD(GYI), VKD(piperidide)\GYIl and
VKD(GY)-piperidide, resulting from the opening of the aspartimide cycle, were inde-
pendently synthesized. Furthermore, RP-HPL C-optimization of these potential con-
taminants was carried out to properly resolve and quantify the different side products.
The OPyBzh-protecting group had ideal TFA lability. Unfortunately, high levels of
aspartimide and piperidides were detected following synthesis of 1. Another new de-
rivative, the orthoester protected Asp derivative (OBO-protection), was designed to
completely suppress nucleophilic attack at the (-carboxy group. Surprisingly,
o-piperidide was generated during synthesis and, in addition, large quantities of
aspartimide were observed during the second stage of OBO removal, which consists
of the saponification under basic conditions. Therefore, the disappointing results ob-
tained on OPyBzh- and OBO-protection were not included in Table 1.

Table 1. HPLC-analysis of crude products (Bakerbond C18 300 A, phosphate buffer pH 2.3,
CH3CN as modifier).

Protection Base® Pr(c;Z;;ct D/L-A;Z?rti mide L-or-P(i &e)ridide L-B;OP/(i);Jeridi de
OtBu Pip. 89.1 3.0 15 <0.3°
OMpe Pip. 93.9 0.7 <0.3" <0.3"
OtBu/Hmb Pip. 94.0 <0.3" <0.3" <0.3"
OtBu DBU 52.1 21.8 9.4 0.6
OMpe DBU 83.0 78 1.9 <0.3°
OtBu/Hmb DBU 94.1 <0.3" <0.3" <0.3"

8 Pip.: Piperidine/DMF 1: 4, DBU: DBU/Piperidine/DMF 1: 20: 79; b below detection
limit.
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Two Fmoc-cleavage procedures, the standard protocol piperidine/DMF (1 : 4) and
1% DBU in piperidine/DMF (1 : 4), and different protecting groups for the Asp resi-
due in model peptide | (see Table 1) were employed to study aspartimide formation.
Peptide |1, synthesized according to the various strategies indicated above, was ob-
tained after TFA assisted cleavage, and the crude products were subsequently ana-
lysed by HPLC.

In fact, Fmoc-removal in the presence of DBU worsened the effects already ob-
served in the case of the standard piperidine treatment. However, no significant
amounts of 3-peptide were detected. In the case of OtBu-protection, upon DBU treat-
ment an as yet undefined component (5.8%) was observed in addition to the known
compounds. The OM pe-protecting group showed a significant improvement with re-
spect to aspartimide formation when compared to regular OtBu-protection. Most inter-
estingly, if the Hmb-backbone protection approach was followed, neither under
standard conditions nor in the presence of DBU, aspartimide or related side product
was observed (detection limit 0.3%).

Conclusions

This systematic investigation clearly showed that in our test system, no detectable
amounts of aspartimide were formed if Hmb-backbone protection was applied in addi-
tion to standard OtBu-protection of the Asp side chain. However, the synthesis of all
different Hmb protected amino acid derivatives followed by their incorporation into
dipeptides would be quite labourious. Therefore, taking into account the markedly im-
proved properties of Mpe-protection compared to the standard OtBu-group, this re-
cently described variant should be considered for sequences prone to aspartimide
formation.
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Ninhydrin as a Reversible Protecting Group
of N-Terminal Cysteine

Chadler T. Pool!, James G. Boyd? and James P. Tam'
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Introduction
The proximity of the a-amino group and thiol group of N-terminal cysteine residues
imparts unique chemical properties that have been utilized to cyclize unprotected pep-
tides obtained through both synthetic and biological means [1-3]. A protecting group
orthogonal to other protection strategies and reversible under mild conditions would
be useful in simplifying the synthesis, cleavage, purification and handling of such pep-
tides. It could also be useful for the sequential ligation of peptides.

To this end, we have found that the thiazolidine structure formed by the reaction
of cysteine with ninhydrin protects both the amino and thiol groups of cysteine (see
Figure 1) during synthesis and cleavage, yet can be easily removed.

(0] (o)
HS S + HO
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H
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H

Fig. 1. The reaction of ninhydrin with cysteine and the structure of the resulting product (top).
The general scheme of coupling Nin-Cys-OH to a peptide resin (bottom).

Results and Discussion

Two approaches were explored for Nin-Cys containing peptides. First, Nin-Cys was
preformed as described by Prota and Ponsiglione [4]. In their studies, the authors show
that the product formed under these conditions was the spiro form 1. Nin-Cys-OH
was coupled to several model peptides. In al cases, the Nin-Cys-OH coupled effi-
ciently to the peptide resins without acylation at the secondary amine of the
thiazolidine ring under our experimental conditions using HBTU activation. Coupling
efficiencies to bulky residues, such as Met and lle, appeared to be similar to those ob-
served with glycine.

Second, Nin-Cys containing peptides were synthesized in situ. Considering the
much higher nucleophilicity of thiol groups compared to amino groups and other func-
tional groups found on unprotected peptides at acidic pH, we postulated that it might
be possible to protect or label unprotected peptides with ninhydrin specifically at
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N-terminal cysteine residues. As predicted, we found that N-terminal
cysteine-containing peptides were readily modified at pH 2 to 5 and ninhydrin concen-
trations of 0.5 to 10 mM forming a thiazolidine structure in under 2 h. No reaction
with any other residues, other than internal cysteines, was observed and the deriva-
tives formed with the internal cysteines were not stable.

Removal of the ninhydrin group was accomplished using reducing conditions in-
volving thiols such as cysteine or 3-mercapto-1-propanesulfonic acid (MPS) in combi-
nation with tris[2-carboxyethyl]phosphine (TCEP), or using 10% trifluoroacetic acid
(TFA) in combination with zinc. Using these conditions, we found that the ninhydrin
moiety can be readily removed from model peptides in under 1 h.

Nin-Cys was stable to both treatment by TFA and HF cleavage conditions which al-
lows the use of Nin-Cys to reduce side reactions in peptide synthesis. For example,
thiazolidine formation of N-terminal cysteine residues during cleavage of peptides
containing benzyloxymethyl-protected histidine, His(Bom), has been well documented
[5] and poses significant problems in both cleaving and synthesizing histidine-
containing peptides. Our results show that despite the use of His(Bom) during synthe-
sis, the ninhydrin completely protects N-terminal cysteine residues from thiazolidine
formation in the absence of appropriate scavengers during cleavage.

To broaden the applicability of Nin-Cys as a protecting group, we attached
Nin-Cys-OH to a 40 residue, thioester-containing peptide synthesized using standard
Boc chemistries. End-to-end cyclization of this peptide via thioester ligation was
achieved through the addition of MPS which deprotected the Nin-Cys group and sub-
sequently regenerated the thioester [6]. Cyclization of this 40 residue peptide was
complete in under 2 h.
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for Carboxyl Protection
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Introduction

We have previously demonstrated that incorporation of side-chain lactam linkages be-
tween two pairs of lysine and aspartic acid residues placed in thei and i+4 and the i+1
and i+5 positions in a peptide chain generates a fully a-helical structure that is highly
resistant to heat denaturation, and is capable of propagating the a-helical conforma-
tion in both the N- and C-terminal directions [1]. The synthesis of such helix-initiated
peptides is desirable in order to probe the propagation and thermodynamic stability of
o helices as afunction of their amino-acid sequences. However, the use of solid-phase
chemistry to incorporate just one such bicyclic structure into a peptide is highly unreli-
able, due to the interchain reactions that occur at each attempted intrachain cyclization
step. Therefore, we have undertaken the development of a synthetic route to bicyclic
helix-initiated peptides that involves the solution-phase preparation of a protected
bicyclic peptide segment, 1 (Figure 1), that is suitable for incoporation into a standard
Fmoc-based solid-phase synthesis by segment-condensation. This synthetic approach
has been demonstrated through the synthesis of an N-terminal helix-initiated analogue
of the epitope on the HIV-1 surface glyco-protein gp4l that is recognized by 2F5, an
HIV-1 neutralizing monoclonal antibody.

A: Protected peptides
Fmoc-(cyclo 1-5, 2-6)-Lys-Lys-Ala-Ala-Asp-Asp-Ala- OH @
Fmoc-Lys(Mtt)-Lys(Boc)-Ala-Ala-Asp(OPip)- Asp(OBu) -OH (2)
Fmoc-Lys(Mtt)-Lys(Boc)-Ala-Ala-Asp(OPip)- Asp(OBu) -Ala-O-Co(NH»)5:Cl5 (3)
Fmoc-(cyclo 1-5)-Lys-Lys(Boc)-Ala-Ala-Asp- Asp(OBu) -Ala-O-Co(NH3)s:Cl5 (4)
Fmoc-(cyclo 1-5, 2-6)-Lys-Lys-Ala-Ala-Asp-Asp-Ala-O-Co(NH3)5:Cl5 (5)

B: Unprotected peptides
Ac-Nle-Nle-Ala-Ala-Asn-Asn-Ala-Leu-Glu-Leu-Asp-Lys-Trp-Ala-Ser-Leu-NH, (6)
Ac-[cyclo 1-5, 2-6]-LysLys-AlaAlaAsp-Asp-AlaLeu-Glu-Leu-Asp-Lys Trp-Ala-Ser-Leu-NH, (7)

Fig. 1. Structures of synthetic peptides.

Results and Discussion

Protected hexapeptide 2 was assembled on the Rink acid resin (1.0 g), then cleaved
from the solid support using 10% (v/v) acetic acid in dichloromethane without loss of
the acid-sensitive 4-methyltrityl (Mtt) and 2-phenylpropyl ester (OPip) protecting
groups. This peptide was then coupled to H-Ala-O-Co'!'(NH,)(BF,)3 [2] in DMF, us-
ing DCC and HOBt, to give heptapeptide 3 (56%). Side-chain deprotection at Lys!
and Asp® with 1% TFA in DCM, followed by cyclization with PyBOP, HOBt and
DIEA of the dilute peptide in DMF gave the protected monocyclic peptide 4 (58%).
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Side-chain deprotection in 100% TFA followed by a second cyclization in DMF yielded
100 umol of pure bicyclic peptide Fmoc-cyclo(1-5, 2-6)-[Lys-Lys-Ala-Ala-Asp-Asp-
Ala]-O-Co"'(NH,)s, 5 (74%).

By using exchange-inert cobalt(l11) protection of the a-carboxyl group [2], full
orthogonality to the base-labile Fmoc group and the acid-labile side-chain protecting
groups was achieved. In addition, all of the peptide intermediates were solubilized in
both DMF and also in agueous solvent mixtures, such as water—acetonitrile, or water—
DMF. This alowed facile, low-resolution, low-pressure ion-exchange and reversed-
phase chromatographies to be used in combination after each solution-phase coupling
(peptide 3) or cyclization (peptides 4 and 5). Deprotection of 5 was achieved by mild
reduction to the exchange-labile cobalt(l) form, using DTT and DIEA in water-aceto-
nitrile. After acidification, low-pressure, reversed-phase chromatrography then gave
the Fmoc-protected bicyclic peptide 1 in quantitative yield from 5, and in an
HPL C-pure form.

The use of bicyclic heptapeptide 1 in segment-condensation syntheses was then
demonstrated by coupling this peptide with PyBOP, HOBt and DIEA to the protected
peptide NH,-Leu-Glu(OBu")-Leu-Asp(OBu')-Lys(Boc)-Trp(Boc)-Ala-Ser(But)-Leu
assembled on the Rink amide MBHA resin (Novabiochem Corp.). Quantitative analy-
sis by HPLC of the cleaved, deprotected peptides indicated a 60% yield for this cou-
pling reaction. Circular dichroism spectropolarimetry of the purified bicyclic peptide 7
in 10 mM NaH,PO,~NaOH buffer, pH 7.0, at 25 °C indicated that it had a signifi-
cantly higher a-helix content ([6],,, = —18,800 deg cm?dmol) than the corresponding
isosteric, linear, control peptide, 6 ([6],,, = —4,800 deg cm?/dmal).
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Ni"-4-Nitr obenzenesulfonyl Tryptophan: A Convenient
Preparation of N®-Boc and N%-Fmoc Derivatives
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Introduction

Protection of the indole moiety of tryptophan is often required because it is susceptible
to oxidative degradation and to akylation, when acidic conditions are used for re-
moval of protecting groups in peptide synthesis [1]. Recently Nbs-group has been pro-
posed for side protection of tryptophan [2]. Laborious synthesis of such protected
derivatives, however, limits its application in SPPS and prompted us to develop con-
venient method of introducing Nbs-protection to the indole moiety of tryptophan.

Results and Discussion

1-(4-Nitrobenzenesulfonyl)-1,2,4-triazolide (1) can be prepared in good yield by treat-
ment of 1,2,4-triazole by 4-nitrobenzenesulfonyl chloride in the presence of TEA. We
found, that the indole moiety of tryptophan can be sulfonylated by 1 in presence of
DBU. Boc-Trp(Nbs)-OMe (2) was synthesized from Boc-Trp-OMe (3) by sulfonyl-
ation with 1 at room temperature in anhydrous dioxane using DBU as a base. Crystal-
lization from methanol gave an 85% yield of 2. Subsequent saponification of Boc-
Trp(Nbs)-OMe (2) with 2.5 eq NaOH in aqueous dioxane led to Boc-Trp(Nbs)-OH
(4). TFA treatment of 4 followed by Fmoc introduction resulted in the final Fmoc pro-
tected product 6 (Figure 1 and Table 1). The method is applicable for large scale syn-
thesis of Fmoc-Trp(Nbs)-OH (6) and Boc-Trp(Nbs)-OH (4).

OMe N, Y
E O,

OMe
BocHN N BocHN
L L

R
N N
H
3

OMe
FmocHN\/& OH
H,N BocHN
o R N
| Y

N d I N c l N
Nbs Nbs \Nbs

6 5 4

Fig. 1. Synthesis of Boc-Trp(Nbs)-OH and Fmoc-Trp(Nbs)-OH. Reagents and conditions. (a)
DBU/dioxane, 40 min, 85%; (b) NaOH/H,0/dioxane, 20 min, 95%; (c) TFA/CH,Cl,, 15 min,
100%; (d) Fmoc-OSu/H,O/MeCN/K,CO3, 240 min, 90%.
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Table 1. Physical properties of the synthesized compounds.

Compound Melting point, °C Fzgt,agmg;]ig
1-(4-Nitrobenzenesulfonyl)-1,2,4-triazolide 153-154 -
Boc-Trp(Nbs)-OMe 164-165 -30.7
Boc-Trp(Nbs)-OH 153-155 -23.0
Fmoc-Trp(Nbs)-OH 125-128 -17.1
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Syntheses of Difficult Hydrophobic Sequences Using
2-(4-Nitrophenyl)sulfonylethoxycar bonyl (Nsc)-N®-(2-hydr oxy-
4-methoxybenzyl)Ala-OH: (Ala),o-Valine, (Ala);s-Valine

Hyun Jin Lee, Weonu Chweh, Young-Deug Kim, Sang-Sun Lee
and Hack-Joo Kim
A& PEP Inc., 213, Sosabon-1-dong, Bucheon, 422-231, Korea

Introduction

Aggregation due to hydrogen-bonded interchain association, through the secondary
amide bonds of the peptide backbone (i.e., B-sheet formation), is thought to be the
cause of difficult sequences in solid-phase peptide synthesis. The Hmb protection
strategy was designed to circumvent this problem by removing the potential of back-
bone hydrogen bond formation and resulted in inhibited aggregation [1-3]. Especially,
the hydrophobic alanine polymer showed a strong tendency to aggregate on the addi-
tion of more alanine residues [4]. Therefore, we focused on the automatic peptide syn-
theses of two hydrophobic difficult sequences ((Ala),o-Valine and (Ala),s-Valine),
which were performed using Nsc-N%-(Hmb)Ala-OH [5,6].

Results and Discussion

The 2-hydroxy-4-methoxybenzyl group has always been introduced through N,O-bis
Fmoc-N-(2-hydroxy-4-methoxybenzyl)Ala until now. We have synthesized N-mono
Nsc-N-(2-hydroxy-4-methoxybenzyl)Ala in two steps (Figure 1): reductive amination
of the amino function of aanine with 2-hydroxy-4-methoxybenzylaldehyde yielding
N-(Hmb)Ala, followed by introduction of Nsc group to the secondary amino group of
Hmb group using Nsc-Cl under basic media. The yield of the second step is low in
general. However, we obtained mono Nsc-(Hmb)Alain high yield (>75%).

Using mono Nsc-(Hmb)Ala, we attempted to synthesize hydrophobic alanine poly-
mer. (Ala),o-Valine was synthesized successfully by using Nsc-(Hmb)Ala-OH in the
Alab site, while it was impossible to synthesize it using only Nsc-Ala-OH and
Nsc-Val-OH without Nsc-(Hmb)Ala-OH (Figure 2).

In conclusion, new mono Nsc-(Hmb)Ala-OH could be obtained in high purity and
yield using Nsc amino protection group. (Ala),o-Valine was synthesized in high yield
by using Hmb backbone protection in this difficult hydrophobic sequence. In case of
(Ala),5-Valine, there was no difference between Hmb introduction in Ala5 and Alab
and 11 sites. (Ala),5-Valine could be synthesized successfully by introducing Hmb in
Ala5 position only. Nsc-(Hmb)amino acids may be applied to the syntheses of diffi-
cult sequences, especially hydrophobic repeated sequences of peptides.

O CH

CH, Hmb CHa NSC Os .0 8
o OH >sZ OH
HzNJ\I( H o HI:J _>/©/ \/\O l:l

CH, O

1) CH, O oN ,

HO HO
OMe OMe

Fig. 1. Synthesis of the Nsc-N®-(2-hydroxy-4-methoxybenzyl)Ala-OH.
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Fig. 2. HPLC Profiles of crude (Ala)10-Valine; (A) (Ala);o-Valine using Nsc-Ala-OH and
Nsc-Val-OH (0%) (B) (Ala),o-Valine using Nsc-(Hmb)Ala-OH in the Ala5 site (71%), Synthesis:
Per Septive Pioneer Automatic Synthesizer, Coupling: 4 eq Nsc a.as, 4 eq BOP/4 eq HOB, 8 eq
DIEA in DMF, 40°C, 1 h (Ala5,6 position: double coupling for 2 h), Deprotection: 1%
DBU/20% Piperidine in DMF, Cleavage: TFA/TISH,O (9.5/0.25/0.25), 2 h, Analysis: A-0.1%
TFA/H,0, B-0.1% TFA/ACCN; 1 mL/min, 0-100% B for 50 min; Mass Analysis: PerSeptive
Voyager TM DE-STR Maldi-Tof Mass spectrometer.
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A Highly Efficient Method for Synthesis of Fmoc-L ysing(M mt)-OH

Xiao-He Tong and Anita Hong
AnaSpec Inc., San Jose, CA 95131, USA

Introduction

N®-9-Fluorenylmethoxycarbonyl-Né-4-methoxytrityl-lysine [Fmoc-Lys(Mmt)-OH], an
extremely acid labile derivative of lysine, was previously reported by Matyslak [1].
Because the N.-Mmt moiety of lysine is extremely acid labile, the first attempt to syn-
thesize it failed [2]. Compared to Mtt group, the Mmt moiety of lysine can be effec-
tively cleaved by DCM/TFE/AcOH (7 : 2 : 1), even if the compound is coupled to
hydrophilic Tentagel and PEG resins. For the preparation of branched and cyclic pep-
tides or the modification of peptides with dye labels, biotin, or many particular func-
tional groups, Fmoc-Lys(Mmt)-OH is a useful building block. In this report, we
describe a highly efficient method for synthesis of Fmoc-Lys(Mmt)-OH.

Results and Discussion

The Fmoc-Lys-OH was treated with N,O-bis(trimethylsilyl)acetamide (BSA, 1.6 eq)
in dry DCM at ambient temperature for 20 min, then 4-methoxytrityl chloride
(Mmt-Cl, 1 eq) and DIEA (1.3 eq) were added. The reaction was complete after 2-3 h
at room temperature. The mixture was evaporated to oil (Figure 1).

(CH2)4-NH,  Me;SIN=C(Me)OSiMeg (?H2)4-NH2
Fmoc-NH-CH-COOH DCM Fmoc-NH-CH-COOSiMes
Mmt-Cl (?Hz)rNH-Mmt 5% NaHCO4 (?H2)4-NH-Mmt
DIEA Fmoc-NH-CH-COOSiMe; Fmoc-NH-CH-COOH

Fig. 1. Synthesis of Fmoc-Lys(Mmt)-OH.

The oil was diluted with ethyl acetate, washed with 5% NaHCO,, followed by another
wash with saturated NaCl. The organic layer was dried with anhydrous Na,SO, and
concentrated. Ether/hexane was added under stirring to precipitate the product. The
product collected as an amorphous powder in 80% yield with >95% purity (Figure 2).

UV 11.255 (A)

T T T
250 300 350
Wavelength (nm)

LC A 220.4 450.4 n

5 10 15 20
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Fig. 2. RP-HPLC of Fmoc-Lys(Mmt)-OH, eluent A: CH3COONH,, 50 mM, pH 6.5, eluent B:
MeCN, Linear gradient 20-100% B in 20 min, flow 1 ml/min.
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BSA isacommonly used silylating agent for several kinds of groups. Treatment of
Fmoc-Lys-OH with BSA results in silylation of the carboxyl of lysine to obtain
Fmoc-Lys-OSiMe;, which is very soluble in DCM. Using DCM as solvent, the
NE-amino group is easily reacted with Mmt-Cl in mild conditions. Therefore, it is pos-
sible to use a simple work up procedure (no chromatography) to obtain the final prod-
uct with good yield and high purity.
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Introduction

Recent increasing awareness of the importance of glycoproteins in biological proces-
ses has resulted in a great interest in the synthesis of glycopeptides and their deriva-
tives [1]. Due to their high chemical and enzymatic stability, thioglycosides have
become attractive synthetic targets in biomedical research and pharmaceutical devel-
opment. N%-(9-Fluorenylmethyloxycarbonyl)-L-cysteine (Fmoc-L-cysteine 1) is a use-
ful intermediate for the preparation of a variety of Ssubstituted Fmoc-L-cysteine
derivatives.

Fmoc-L-cysteine 1 can be usually prepared by two methods: 1) reduction of bis-
(Fmoc)-L-cystine (2) and 2) cleavage of S-protecting groups of commercially
available Fmoc-cysteine derivatives [2]. Reductive cleavage of the disulfide bridge of bis-
(Fmoc)-L-cystine with triethylphosphine or Zn/TFA gives Fmoc-L-cysteine in good
yields. However, the poor solubility of bis(Fmoc)-L-cystine and high cost of phosphine
reagents limits the usefulness of this method. Of the S-protecting groups compatible with
the Fmoc chemistry, triphenylmethyl (Trt) and acetamidomethyl (Acm) are the most
commonly used. Removal of the Trt group using appropriate silanes often results in
incomplete cleavage while using TFA with thiol scavengers complicates the sub-
sequent purification. Oxidative cleavage of the Acm group using iodine (I,,), mercury
acetate [Hg(OAC),] or thallium tris(trifluoroacetate) [TI(tfa);] affords the cystine
products. We report here a simple and practical method for the synthesis of Fmoc-
L-cysteine 1.

Results and Discussion
When cysteine is treated with an acylating reagent such as t-butyl chloroformate, both
the thiol and amino groups are protected, forming a thiocarbonate and a carbamate, re-
spectively [3]. Similar results are obtained when L-cysteine reacts with Fmoc-OSu
and four major products 1, 2, 3 and 4 formed (Figure 1). The desired product 1 was
less than 50%. Under the basic reaction conditions, Fmoc-L-cysteine 1 could be oxi-
dized to form 2. Therefore, the key elements to improve the reaction yield rely on in-
hibiting the formation of 2, and converting 3 and 4 to the desired compound 1.

It has been demonstrated in native peptide chemical ligation that an N-terminal
cysteine residue of a peptide can interact with the second a-thioester peptide through

0, OH
O_-OH Oy__OH FmocHNI O~ OH Oy__OH
Fmoc-OSu S
—
H,N TEA FmocHN + é + H)N + FmocNH

SH SH FmocHNj/f| Fmoc § Fmoc S

(6] OH
1 2 3 4

Fig. 1. Reaction of L-cysteine with Fmoc-OSu in aqueous acetonitrile solution.
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intermolecular transthioesterification. The resulting thioester intermediate undergoes
an S - N acyl rearrangement to yield the final amide-linked product [4]. A thiol re-
agent is needed in native peptide chemical ligation in order to enhance reaction activ-
ity of the a-thioester moiety and prevent disulfide formation between the cysteine
residues [5]. We hypothesized that the use of thiophenol in the synthesis of Fmoc-
L-cysteine should prevent the formation of compounds 2 and, moreover, convert 3 and
4 to Fmoc-L-cysteine 1 (Figure 2). In the presence of thiophenol, the reaction yield of
Fmoc-L-cysteine 1 was indeed increased significantly from <50% to >80% and the
product 1 was easy to purify.

Oy_-OH O~ OH Oy__OH
PhSH
—_—
HZN + FmocNH Cysteine FmocHN
Fmoc S Fmoc S SH
3 4 1

Fig. 2. Conversion of by-products 3 and 4 to Fmoc-L-cysteine in the presence of thiophenol.

In conclusion, the present new synthetic method provides a cost-effective and prac-
tical way to prepare Fmoc-L-cysteine since it is a simple one-pot reaction with a good
yield.
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2-(4-Nitrophenyl)sulfonylethoxycar bonyl(Nsc)-Amino Acids
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Introduction

Although the use of Fmoc-based SPPS has increased enormously in recent years as the
method of choice for the peptide synthesis, the main drawbacks of Fmoc-amino acids
are low solubility, low coupling yield in the difficult sequences and poor stability in
the solvents commonly used in SPPS during automation process. The Nsc-amino acids
may become the possible candidates to overcome the intrinsic drawbacks of
Fmoc-amino acids, and were extensively studied by our group [1]. Our previous re-
sults have shown that the Nsc-amino acids have peculiar characteristics such as polar-
ity and solubility in solvents commonly used in peptide synthesis. As a next step, we
extended our study to peptides with difficult sequences such as tyrosine polymer and
long chain amino acids. Here, we show improved methodology on SPPS, so-called
high temperature-short time (HTST) coupling reaction in a new solvent system using
Nsc-amino acids.

Results and Discussion

Previously, we have shown that Nsc-amino acids are more stable in various organic
media at elevated temperature than Fmoc-amino acids [2]. To demonstrate the diverse
application of Nsc-amino acids in SPPS compared with Fmoc-amino acids, we synthe-
sized tyrosine 12mer (Y 12) using HTST coupling reaction as a function of tempera-
ture and coupling solvent. Figure 1 (left) shows the coupling kinetics of Tyr polymer
(Y8 to Y9) in severa conditions using Nsc- and Fmoc-Tyr(tBu)-OH. As shown in
Figure 1 (left), Nsc-Tyr showed improved coupling yields in dichloromethane (MC) at
40 °C compared to Fmoc-Tyr.

When the resultant Y12 was analyzed by HPLC, the Nsc-amino acids showed
single mgjor peak (87%) compared with five peaks (23%) of Fmoc-amino acids (Figure 1,
right). These results indicate that the peptide synthesis yield can be increased using
Nsc-amino acids through combined use of HTST coupling reaction and MC.

To show the effectiveness of general HTST coupling reaction using Nsc-amino ac-
ids in peptide synthesis, we synthesized salmon calcitonin (32aas) under the HTST

100 24

90

Coupling Yield (%)
AU
3
3

—9— Nsc-40/DMF 0201
— -+ Fmoc-40/DMF

0.00-
12,00 14.00 16100 18100 2000 22000 24100
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15 10 30 60
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Fig. 1. Kinetic study of tyrosine oligomer (Y8 to Y9) in several conditions (left). HPLC profile of
tyrosine 12mer (right) with Nsc-Tyr(tBu)-OH synthesized by using HTST protocol (A) and with
Fmoc-Tyr (tBu)-OH in DMF at 25 °C, 1 h (B); 0-100% TFA/MeCN in 50 min; 1 mL/min.
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condition (Figure 2). The salmon calcitonin synthesized using Fmoc-amino acids was
used as a control. As shown in Figure 2, the Nsc-amino acids showed better results
(Figure 2B) than Fmoc-amino acids (Figure 2A). This result implies that the Nsc-
amino acids under present reaction condition in MC, could be the desirable choice to
overcome the intrinsic drawbacks of Fmoc-amino acids.

200 - 34327644
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1000 | 1200 | 1400 | 1600 | 1800 | 2000 2200 | 2400 2600 | 2600 1000200 T80 1600 608 2000 2200 2800 2600 2800
Minutes

Fig. 2. HPLC profile of salmon calcitonin (32 aas) with Fmoc-amino acid synthesized in DMF
at 25 °C, 1 h (A) and with NSC-amino acid synthesized in MC by using HTST protocol (B);
0-100% TFA/MeCN in 50 min; 1 mL/min.

Results from the present studies, we suggest that the new HTST coupling reactions
using Nsc-amino acids under MC solvent system may be another superior choice in
the field of SPPS.
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S-Xanthenyl Protected 1-Thiosugars as Building Blocks
for Glycopeptide Assembly

Robert A. Falconer

Department of Pharmaceutical and Biological Chemistry, The School of Pharmacy,
University of London, London WC1N 1AX, UK

Introduction

Thioglycosides are key intermediates for oligosaccharide assembly and are of impor-
tance in biological systems due to their increased enzymatic stability. They are more
stable to the action of glycosidases than their O-linked isosteres, making them poten-
tial enzyme inhibitors and a potential means by which to facilitate the delivery of ther-
apeutic peptides.

The assembly of S-linked glycopeptides on a solid support is complicated by the
need to anchor a sugar moiety to the resin, and by the requirement for a selectively re-
movable thiol protecting group that is compatible with standard Fmoc solid phase
synthesis. Potential protecting groups include triphenylmethyl (Trt) and 9-fluorenyl-
methyl (Fm). However, each presented problems both with introduction (low yields)
and removal.

Results and Discussion

The recently reported 9H-xanthen-9-yl (Xan) protecting group [1], used as a tempo-
rary cysteine S-protecting group in the synthesis of a-conotoxin [2], has been success-
fully utilized here as a temporary thio-protection compatible with other carbohydrate
protecting groups. 1-Thiosugars of glucose 2a, galactose 2b and mannose 2c were
synthesized from their respective bromosugars la—1c by reaction with thiourea, fol-
lowed by basic hydrolysis. The xanthenyl protecting group was introduced in quantita-
tive yield by reaction of the 1-thiosugar 2 with 9-hydroxyxanthene in the presence of
TFA (Figure 1).

OAc O 0 O OAc
0 TFA 0
A‘A%&/SH ¥ Ai@g&/sx:an

CH,CI
OAc OH 2Ll OAc
2a 3a

Fig. 1. Introduction of xanthenyl protection.

Following de-O-acetylation of the Xan-protected thiosugar, e.g. 3c, asilyl (TBDMYS)
protecting group was selectively introduced to the 6-OH group. After re-O-acetylation,
the TBDMS group could be selectively cleaved with tetrabutylammonium fluoride
(TBAF) to give 7c (Figure 2).

S-Xan is completely stable to the conditions required to introduce and remove both
acetate and silyl protecting groups, commonly used in carbohydrate synthesis.
Glycoside 7 is a convenient building block suitable for loading onto a solid support. In
addition, the Xan-protected sugar was anchored via a succinate linker.

Once on the resin, the Xan-protection was removed in a facile manner, and a pep-
tide chain extended via a Mitsunobu reaction [3]. The xanthenyl group was also stable
to the conditions required for the introduction of both benzyl ether and benzylidene
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Fig. 2. Preparation of building block.

acetal protecting groups and was not cleaved by either acetic or formic acid. Benzyl
groups were selectively removed by catalytic hydrogenation.

The S-Xan protection was removed in solution using 1% TFA to allow the synthesis
of conjugates 8 and 9 via a Mitsunobu reaction [3,4] (Figure 3).

OAc OAc
AcO & Q
ﬁ\cgé& S(CH,),NHDde Ai@g&p SCH,CHCOOBN

OAc
8 o OAc NHBoc

Fig. 3. Thio-linked glycosides.

In summary, the xanthenyl protecting group was used as an effective temporary
thio-protecting group, and found to be stable to a wide range of conditions commonly
encountered in carbohydrate synthesis. S-Protected glycosyl donors suitable for at-
tachment solid phase attachment were prepared. In addition, the S-Xan group was eas-
ily removed to allow synthesis of thio-linked conjugates bearing protected amines.
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L ate Deprotection Difficulties During SPPS Depend
on the Preceding Sequence

Phillip W. Banda
Applied Biosystems, Foster City, CA 94404, USA

Introduction

Via UV monitoring on the 433A, the early onset of Fmoc-deprotection difficulty arises
7 to 15 residues after SPPS begins at the C-terminus of a peptide sequence [1]. Sec-
ondary structure takes shape and inhibits access of the growing chain-end to both
deprotection and coupling reagents. The difficult deprotections of interest to us arise
long after the SPPS process has begun, i.e. after 30 or 50 or more residues have been
coupled, and they are likely signaling a different process within the peptide-resin envi-
ronment, namely, tertiary structure [2].

We have been studying MCP-1 as a C-terminal 40-mer, and Rantes as the corre-
sponding C-terminal 34-mer, to examine the late deprotection differences between the
two beta-chemokines. Both have similar free solution structures [3,4] but each dis-
plays a distinctly different pattern of Fmoc-deprotections during SPPS. MCP-1 dis-
plays “easy” deprotections from the C-terminus to residue 33, and then runs into a
largely hydrophobic sequence of several “difficult” deprotections, Figure la. Rantes
displays “easy” deprotections for its corresponding hydrophobic sequence, Figure 1b.

a. MCP-1, 40-Mer Cys
Difficult
Ed
“u-lllhl-ﬂ O e eSS .
' o T VFEFVVA

Figure 1. C-Terminal UV deprotection profiles: a) MCP-1 40-Mer; b) Rantes 34-Mer.

Results and Discussion

a) MCP-1 into Rantes. If the “difficult” residues 34-39 in MCP-1 are, indeed, an in-
herently “difficult” string, then they should display extended deprotections anywhere
in a sequence (except at the very C-terminus). If, on the other hand, the deprotection
problems in MCP-1 are not inherent in the particular string of residues but are depend-
ent on the previous sequence, then the extended deprotections should change when the
problem residues are substituted into another sequence. Figure 2a shows just such an
experiment, namely, placing the “difficult” residues 33-39 of MCP-1 into their corre-
sponding position in Rantes. the deprotections become “easy”.
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b) Rantes into MCP-1. Similarly, if the hydrophobic sequence from Rantes 27-31 is
inherently “easy” to deprotect, then these residues should remain “easy” wherever
they appear. If, however, “easy/difficult” depends on the previous sequence, then the
deprotections of these hydrophobic residues should change when they are placed into
another sequence. In fact, when these residues from Rantes are placed into MCP-1, the
deprotection trace becomes “very difficult”, Figure 2b.

a. FIAVE into Rantes Cys
E
. -ll,unll----,---,l-a-,_-,-,--,--; v ]
b. VFVAA into MCP-1 Cys
| | Very Difficult
et ot et e e e e b e e e I'-' : L-r

VF vV VvV A"
Figure 2. Substituting strings: a) MCP-1 into Rantes; b) Rantes into MCP-1.

The beta-chemokine substitution experiments demonstrate that the “easy/difficult”
deprotections of an amino acid string - positioned long after the start of a synthesis —
is not an inherent property of the particular sequence but clearly depends on the earlier
residues, i.e. on the overall structure of the peptide. The 433A via UV monitoring of
Fmoc-deprotections is providing structural information about peptide-resins.
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Introduction

The Wang resin is one of the most commonly used solid polymers in SPPS. An Fmoc
strategy for the lengthening of the peptide chain is compatible with the final acid
cleavage of the peptide-resin bond. To increase tactic possihilities, it would be inter-
esting to be able to use the Boc group on this resin type. Classical acid conditions
(TFA 30to 90% in DCM) for Boc removal cleave the peptide from the Wang resin si-
multaneously. Therefore, we investigated new conditions for deprotecting the Boc
group which would preserve the peptide—resin bond.

Results and Discussion

We screened numerous conditions on a model substrate, Fmoc-Lys(Boc) attached to
the Wang resin. The Fmoc group was left unaffected and allowed us to evaluate the
amount of cleaved and supported amino acids, respectively, by HLPC.

We first used acidic conditions, like in situ generated HCI with alcohol and
chlorosilane [1] (entries 1 and 2) or diluted TFA (entry 3) without any success. A
method for removal of N-Boc groups on Rink’s amide resin was described by treat-
ment of the peptide resin with a combination of TMSOTf and 2,6-lutidine [2].
However, in our hands these conditions led to a high percentage of peptide cleavage
(entry 4). We then tried pyridine with TMSOTf and found that we could remove the
Boc group without any cleavage of the peptide from the resin, although the yield was
not satisfactory (entry 5). We therefore kept these reagents and varied reaction time,
solvent and concentration in TMSOTT (entries 6 to 12). We also tested TEA asbasein
several conditions (entries 13 to 18).

Kinetic studies of the reaction showed that a short reaction time is preferable, DCE
is a better solvent than DCM, and TEA is eligible. Conditions 18 were defined to be
the most satisfactory (Figure 1). We extented our study from Wang resin to
SynPhase™ l|anterns (Figure 2).
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Fig. 1. Boc cleavage conditions on Wang resin.
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Fig. 2. Boc cleavage conditions on SynPhase lanterns.

In conclusion, we found that avoiding acidic conditions by using a trimethylsilyl
transitory protection allowed Boc removal on the resin in a good yield with only a
small percentage of peptide cleavage from the support.
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Introduction

We have been interested in the synthesis of loop Il of the AChE inhibitor of the
fasciculin (a “three-finger” snake venom polypeptide neurotoxin from green mambas
(genus Dendroaspis)) [1]. Our parent sequence involves amino acids 27-34 or
-Arg-Ala-His-Pro-Pro-Lys-Met-GIn- as the base peptide from which cyclic and
bicyclic analogues have been prepared. These may serve as chemical probes to study
peripheral site acetylcholinesterase (AChE) inhibition.

For that goal we used SPPS methods, with orthogonalities based on Boc/Bzl/OFm,
Boc- or Fmoc/BzI/ONB and Fmoc/Bzl/OtBu strategies, using a side chain attachment
approach [2]. Next, peptide chain elongation and subsequent on-resin head-to-tail
cyclization was followed by deprotection and cleavage from the resin by liquid HF;
this allowed us to compare the advantages and drawbacks of the three strategies.

Results and Discussion
Although we have synthesized more than 50 cyclic analogues of the fasciculin loop |1
fragment and some of their linear precursors, this work describes the synthesis of a

mixed heterodetic bicyclic peptide c(Arg—AIa—C)‘/s-His—Pro—Pro-Lys—C‘ys—Nal—GI n),
with Mmt- and Mob-groups for Cys S-protection. A synthesis (with Cys S-Mmt pro-
tection) led first to disulfide bond formation on the resin using DM SO, with subse-
guent amide bond formation by HATU also on the resin. However, the on-resin amide
bond cyclization, after the intramolecular disulfide bond had been formed, turned out
to be extremely slow. In a second approach (with Cys S-Mob), the amide bond
cyclization was first accomplished on-resin, after which the peptide-resin was HF
treated and the disulfide bond created in solution by hydrogen peroxide. Although the
yields of the desired product were low in both cases (<5-10%), the second procedure
proved more effective in providing the desired compound.

During routine M S analysis we again noted the advantage of running a combination
of parallel synthesis of closely related compounds, not only for confirmation of the de-
sired products, but also for identifying the contaminants/side products originating in
steps associated with on-resin cyclization and following cleavage/deprotection. Thus,
along with the described N-terminal tetramethylguanidino derivatives[M + H] + 116 Da
[3], we also observed [M + H] + 45 Dathat could be attributed to C-terminal dimethyl-
amides. Previously we were able to correlate the additional mass signa [M + H] — 48 Da
with the presence of Met in the original molecule [4]: we suspected the alkylation of
the Met side chain turned it into the corresponding sulfonium derivative with sub-
sequent transformation, probably into the Freidinger lactam [5], by losing the
methylthio group as a result of unspecific interaction with nucleophiles. This Met
Stert-butylsulfonium salt reactivity pathway has been confirmed also by formation of
the corresponding C-terminal homoserine lactone when Met is the C-terminal amino
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acid in a peptide [6]. Combination of both the latter two modifications in one molecule
[M + H] — 48 + 45 Da also pointed towards the origin of the MS signal [M + H] —3 Da
as resulting from a peptide with a C-terminal dimethylamide whose Met had suffered
the above-mentioned modification.

In the case of MALDI-TOF-MS analysis of the bicyclic peptide (calculated MW =
1215; found [M + H]* = 1216) both in the crude product and in its RP-HPL C purifica-
tion fractions we saw additional MS signals [M + H + 124]* = 1340. Similar MS frag-
ments were observed in the -S-S- containing monocyclic precursor (calculated MW =
1233; found [M + H]* = 1234; [M + H + 124]* = 1358 and [M + H + 248]* = 1482.
These results agree with and confirm the previously reported findings [4] that HF
deprotection of peptides containing N-g-2-chloro-Z-protected Lys is accompanied by
Friedel—Crafts alkylation of aromatic side chains (in this case Nal) by 2-chlorobenzyl
carbocation that is reflected by the increase of the mass signal of the alkylated product
by 124 Da or its multiples over its precursor.
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Acidic Cleavage of the Side Chain Protecting Groups of Peptides
Attached to a Modified Polystyrene Carrier:
Synthesis of Peptide Generics
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Introduction

High or good yield is essential for peptide production. The side chain protecting
groups are cleaved usually in solution, after peptide detachment from the solid carrier.
This can, however, be accompanied by the loss of material and the decrease in yield.
Such problems can be circumvented when the side chain deprotection steps are carried
out on the peptide still bound to resin. Just before purification, the final product can be
detached from resin. Analogues of Vasopressin and LH-RH were synthesized on
hydroxyalkylated aminopolystyrene. Stability of polymeric like alkyl ester towards
hard acid (TFMSA, HF) makes possible the assembling of peptides protected with
Benzyl and Tosyl groups. All cleavage steps were carried out on the peptide bound to
resin. In thisway salts and scavengers can also be washed away prior to detachment of
peptide from the resin. Ammonolysis in gas [1] or ethylaminolysis was employed as
the detachment step. The crude peptide amides were obtained in the high yield and pu-
rity. Conditions for the complete cleavage of Tos group were developed. Moreover,
the resin could be used again for the new peptide synthesis.

Results and Discussion

Aminomethyl-resin opened the cycle of butyrolacton (Figure 1) and hydroxypropyl-
amido-resin was formed (70 °C, 24 h). The C-terminal amino acid of the synthesized
peptides was either Boc-Pro or Boc-Gly, therefore the danger of racemisation was
eliminated.

OO
P—@—CHz»NHz + j\/\) — P—QCHZ—NH—CO—(CHg)g—OH

Fig. 1. Modification of the polymeric carrier by butyrolacton.

Boc-Pro (3 eq.) or Boc-Gly were coupled to resin (1 mmol/g) overnight, by addi-
tion of DIC, HOBt and DIEA (3 eg. each) in DCM : DMF 4: 1, (Boc-Gly, Boc-Pro:
0.89, 0.96 mmol/g). Lecirelin, Desmopressin and Fertirelin were chosen for testing the
synthetic method. Boc-group was the temporary and Bzl-/Tos-/For were the side chain
protecting groups during the peptide synthesis. Boc-AA were preactivated with
1.5-2 eg., DCC, HOBt in DCM/DMF mixture, Boc group was cleaved in HCI/DCM
solution, or 50% TFA/DCM. 10% DIEA/DCM was used for neutralization. Protected
precursors of Lecirelin(l), Desmopressin(ll) and Fertirelin (111) were prepared on the
modified resin.

pGlu-His-Trp(For)-Ser(Bzl)-Tyr(Bzl)-D-tertL eu-L eu-Arg(Tos)-Pro-O-(CH,);-CO-NH-P (1)

Mpa(Acm)-Tyr-Phe-Gln-Asn-Cys(Acm)-Pro-D-Arg(Tos)-Gly-O-(CH,)5-CO-NH-P (1)
pGlu-His-Trp(For)-Ser(Bzl)-Tyr(Bzl)-Gly-Leu-Arg(Tos)-Pro-O-(CH,)5;-CO-NH-P (I11)
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Stability of the ester bond was checked with the mixture containing 40% TFMSA
(TFMSA : TFA : TGA, 4: 4: 2). The bond between the peptide and polymeric carrier
survived, even when the reaction was extended overnight (RT). Benzyl and Tosyl
groups could be removed in the optimized cocktail containing TFMSA : TFA :
thioanisol : phenol, 17.5:62:17.5: 3 (v/v/v/iw). Acm group on Desmopressin re
mained stable. After washing and resin drying, the peptide was ready for detachment.
It was carried out during 24 h by ammonolysis in gaseous anmonia [1] or by amino-
lysisin ethylamine. The Formyl group was removed in this step as well. Lecirelin and
Fertirelin were isolated and purified (IEC, HPLC). In Desmopressin Acm groups had
to be removed and disulfide bridge formed in solution. Diastereomers, particularly
[D-His?]-Lecirelin, [D-His?]-Fertirelin and [D-Asn®]-Desmopressin were identified.
Position 2 in LH-RH molecule and asparagine-5 in the group of neurohypophyseal
hormone analogues is known as the sensitive site for racemization [2,3].

Table 1. The yields of peptides.

Peptide Peptide-resin Crude peptide A.P.. pept'ide [a] Yield
[g] % [g] % PhEu quality total (%)
Lecirelin 136 (98) 59 (97) 32 (54) 51
Fertirelin 1250 (98) 586 (98) 325 (54) 52
Desmopressin 5(99) 2.3 (87)bis-AcmDP 1.0 (49) 42

TFMSA containing mixtures [4] can be the good cleavage alternative in the large-
scale peptide synthesis. The Tos group was fully removable under the optimized con-
ditions. Modification of polystyrene resin exhibited excellent stability during the
deprotections and peptides were than easily detached in ammonolytic or aminolytic
procedures. Polymeric alky! ester resin can be used for the synthesis of peptides multi-
ple times.
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The Use of a Novel Safety Catch Linker for BOC-Based Assembly
of Cyclic Peptide Libraries
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Introduction

Cyclization of peptides is an important method for identifying active molecules, stabi-
lizing and elucidating receptor-bound conformations, and ultimately developing lead
compounds. As such, we have been interested in the rapid synthesis of discrete cyclic
peptide libraries using a novel “safety catch” linker 1 [1]. This linker allows BOC
solid-phase peptide assembly and on completion is unmasked using deprotection con-
ditions commonly employed within peptide chemistries (HF or strong acid). The re-
sulting linking group permits cyclization of the linear peptide, with concomitant
cleavage upon neutralization of the N-terminal amine.

N )
(Xo | L0 1. Stong Acid oK
| D sppg PG-O 2. Base @

S
PG-O"
H O=
tNH, 3
1
Peptide= HO-8:>—NH2 P G
PG = Protecting Groups 2

Fig. 1. Synthesis of cyclic peptides using the safety catch linker.

To exemplify this strategy, several cyclic peptides have previously been
synthesized and reported [1]. From this initial study and to show the strength of the
method, we are now able to report the synthesis of a cyclic peptide library containing
over 400 members.

Discussion

The safety-catch linker is conceptually ideal for the parallel synthesis of cyclic peptide
libraries since it utilizes on-resin side-chain deprotection which, after neutralization
and cyclization, gives the desired cyclic peptides in solution. Although previous syn-
thesized examples prove this concept [1], an alternative deprotection strategy had to
be found since no HF apparatus is commercially available for handling the large num-
bers of compounds encountered in parallel synthesis.

The first choice was HBr/TFA; early experiments suggested that it gave similar re-
sults to HF, although with small amounts of partially protected products. When we
synthesized small libraries, however, we found HBr/TFA to be unreliable, and often
repeated treatments were required to remove all the protecting groups.

An alternative deprotection strategy that is commonly employed in BOC-based
peptide synthesis is TFMSA/TFA; in comparison with HF we found that it provided
similar on-resin deprotection. However, some compromise is required concerning pro-
tecting groups. For example, Mts or tosyl on arginine are quite resistant and require
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longer reaction times at room temperature. We found that 10% TFMSA withupto5h
reaction time at 0° C, or 1 h at room temperature, was required for complete
deprotection. The use of thiol scavengers such as thiocresol or thioanisole were
equally as effective as p-cresol. Other alternative side-chain deprotection strategies
such as TMSOF/TFA and TMSBr/TFA were aso tried, but were not as effective as
TFMSA/TFA.

Based on these results, a library comprised of 432 cyclic peptides was synthesized
using TFMSA/TFA for activation/deprotection. The sequences were either cyclic
hexa- or pentapeptides containing various natural and unnatural amino acids, includ-
ing: Gly, Ala, lle, Phe, Tyr, Arg, Ser, Thr, Trp, His, Pro, D-Pro, 3-Ala, 3-Amb and
6-aminohexanoic acid. At least four of the amino acids in the sequence corresponded
to the natural amino acids. After synthesis and workup, all samples were analyzed by
RP-HPLC and MS, and by LCMS. The peak purity of the major peak was then ranked
on a scale of 1-4 (1->75%, 2-75-50%, 3-50-25%, 4-<25%); results for the library are
shown in Figure 2. The high variability of these results suggests that the cyclization of
these small cyclic peptides is highly sequence dependent and, hence, difficult in some
cases.

B 1 (>75%)
= (50-75%)
B3 (25-50%)
B4 (<25%)

Fig. 2. Library HPLC purity.

In conclusion, this safety catch linker technology provides a new solid-phase ave-
nue to access large arrays of cyclic peptides. We are now currently synthesizing in ex-
cess of 3,000 discrete cyclic peptides.
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Diurethanyl 1H-Benzotriazole-1-car boxamidines
as Guanidinylating Reagents

Hans-Jiirgen Musiol and Luis Moroder
Max-Planck-Institute of Biochemistry, D-82152 Martinsried, Germany

Introduction

There is a growing interest in efficient arginine mimetics for the design of enzyme in-
hibitors and receptor antagonists. Since highly reactive guanidinylation reagents are
required for their synthesis, recent developments were focused on N,N'-diurethanyl
carboxamidines to enhance the electrophilicity of the amidino carbon, thus increasing
its reactivity toward amines [1], but also to facilitate subsequent synthetic stepsin the
presence of protected w-guanidine groups. Among the proposed reagents, the most re-
active ones are the compounds 1 [1] and 2a [2] and, particularly, the traceless resin-
bound reagent 2b [3] (see Figure 1).

/g R | ¢ —
\N N/ NBoc

BocHN NHBoc
H BocHN
1 2a,b
a: R1=R2=Boc R=H, 3a
b: R1=Boc, R=5-Cl, 3b
R=6-N

R2=.—©—\O_<O -NO,, 3¢

Fig. 1. Guanidinylating reagents.

Results and Discussion

In order to exploit the good leaving group character of benzotriazole [4], N,N'-di-
(tert-butoxycarbonyl)-1H-benzotriazole-1-carboxamidine (3a) was synthesized by re-
acting benzotriazole with the commercially available diurethane-protected S-methyl-
isothiourea derivative in the presence of mercuric chloride. In a similar manner, the
di-protected 5-chloro- (3b) and 6-nitro-1H-benzotriazole-1-carboxamidine (3c) were
prepared to further enhance the reactivity of the benzotriazole derivatives. All three
benzotriazole regents were found to be superior to compounds 1 and 2a in guanidinyl-
ating aniline at 20 °C, with the 6-nitro derivative 3c being the most reactive. The re-
sults obtained with diisopropylamine as sterically hindered amine in solution are
reported in Figure 2A. While the resin-bound reagent 2b is more reactive than the
unsubstituted benzotriazole derivative 3a, because of its stronger activation via the
benzyl-type urethane group [3], reagent 3c is again the most potent, despite the
N,N’-protection as tert-butoxycarbonyl derivative.

As shown in Figure 2B, for guanidinylation of (4-amino)phenylalanine on resin all
the benzotriazole derivatives were found to be superior to the reagents analyzed in
comparison and, again, the 6-nitro derivative 3c proved to be the most potent, result-
ing in quantitative conversion of the amine into the guanidine group after 2 h reaction
time both in CH,CI, and DMF.
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1 2a* 2b 3a 3c* 1 2a* 3a 3b** 3c**
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Fig. 2. A) Yields of product isolated upon reacting diisopropylamine with reagents 1, 2a, 2b, 3a
and 3c [1 equiv. of a 0.2 M solution of reagent 3a or 3c in CH,Cl, and 1.2 equiv.
diisopropylamine at 20 °C for 12 h; *) with 1 equiv Et3N and **) with 1 equiv. DIEA]; with re-
agent 1 or 2ain CH,Cl, or CHCI; no reaction has been reported [ 1,2], while with reagent 2b a
yield of 65% has been obtained after 24 h reaction time [3]). B) Yields of product upon reacting
Boc-Phe(4-NH,)-Gly-trityl resin with 1, 2a, 3a, 3b and 3c in CH,Cl, (open bars) or DMF
(filled bars) [1 equiv. Boc-Phe(4-NH,)-Gly-trityl resin and 2.5 equiv. reagent at 20 °C for 2 h;
*) with 2.5 equiv. Et3N; **) with 2.5 equiv. DIEA]; yields were determined by HPLC after prod-
uct cleavage from the resin with CH,Cl,/TFE/ACOH, 8: 1: 1, for 1 h.
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Amino Acid Bromides: A Convenient Choice for Very
Difficult Couplings

Alma DalPozzo, Roberto Bergonzi, Minghong Ni
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Introduction

During the synthesis of pseudopeptides, many difficulties can be encountered for in-
troduction of very hindered pseudoamino acids into a peptide chain. In the case of
a-trifluoromethyl or difluoromethyl amino acids (a-Tfm or Dfm-AA), al methods
known in modern peptide chemistry fail to afford peptides in significant yields. In
fact, besides the steric hindrance, the polarizing effect of fluorine renders the amino
function totally unreactive. We and others have obtained some peptides containing the
least bulky a-Tfm-alanine, although the yields were low [1]. Moreover, it was possi-
ble to prepare peptides bearing an a-Tfm-amino acid at the N-terminal position [2],
but the problem of chain elongation by derivatization of the amino group was not yet
resolved until recently. We have successfully synthesized peptides containing differ-
ent extremely hindered amino acids via amino acid bromides, prepared from
N-protected amino acids and 1-bromo-N,N-2-trimethyl-1-propenylamine, a reagent
proposed in the literature for the synthesis of some simple acylbromides. The resulting
bromides were used in situ for the coupling reactions, affording a number of di- or
tripeptides containing fluoroalkyl residues, in very high yields and without racemiz-
ation [3]. We then extended the series of N-protected amino acid bromides, with the
purpose to verify the general applicability of our method.

Results and Discussion

So far, we have obtained: Pht-Phe-Br, Pht-Val-Br, Pht-Leu-Br, Pht-Allyl-Gly-Br,
Cbz-Pro-Br, Fmoc-Pro-Br, which were successfully employed in the acylation of very
hindered amino groups, but we failed to obtain Pht-Asp(OtBu)-Br, because the mole-
cule underwent fast cyclization to phtaloylamino-succinic anhydride.

A magjor difficulty encountered with amino acid bromides is to find alternative
N-protecting groups other than phtaloyl, which is not always compatible with the total
synthesis of a peptide, due to the need of hydrazinolysis for deprotection. In fact, with
the common Boc, Cbz or Fmoc protecting groups, AA bromides mostly undergo spon-

S0,CI

TFA
H-Phe-OtBu  + [4] — Pmc-Phe-OtBu —— Pmc-Phe-OH
0 1h 30 min

: Br
N— | 15 min
/

o-Tfm-Phe-OEt

)

h
Pmc-Phe-a-Tfm-Phe-OEt [Pmc-Phe-Br]

thioanisole collidine, 30 min

H-Phe-a-Tfm-Phe-OEt

Fig. 1. Synthesis of dipeptide using Pmc-Phe-Br.

93



DalPozzo et al.

taneous decomposition to the corresponding Leuch’s anhydrides; this happened in ev-
ery case, except for proline bromides. The prerequisite for these overactivated amino
acid halides to survive their own preparation is to be N-protected as diacylamines or
with groups unable to give intramolecular reactions.

To overcome these limitations, we tried a-Tosyl- or Pmc-sulphonamides
protections and the corresponding bromides were stable enough to afford formation of
the amide bond; the latter protection can be easily removed by TFA/thioanisole for 3 h,
as shown in Figure 1.

The search for new N-protected AA bromides generally applicable for solution and
solid phase peptide synthesis continues in our laboratories. Apart from the above de-
scribed inherent difficulties, amino acid bromides can become a precious tool for par-
ticularly hard coupling reactions.
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Synthesis of the Two Isomeric Benzo Derivatives
of 1-Hydroxy-7-azabenzotriazole and Preliminary Studies
of Their Effectiveness as Coupling Reagents

Fernando J. Ferrer and Louis A. Carpino
Department of Chemistry, University of Massachusetts, Amherst, MA 01003, USA

Introduction

Coupling reactions involving carbodiimides involve two or more consecutive reac-
tions, each of which is concentration dependent. It is often useful to add an additive,
sometimes referred to as an auxiliary nucleophile, which reacts with these highly reac-
tive intermediates, e.g. the O-acylisourea, symmetric anhydride or oxazolone to give
an active ester which itself can take part in peptide bond formation thus reducing the
lifetime of such intermediates with consequent reduction in by-product formation. The
best results reported to date have been achieved with 1-hydroxybenzotriazole (HOBY)
N-hydroxysuccinimide (HOSu), 3-hydroxy-3,4-dihydro-1,2,3-benzotriazine-4-one
(HODhbt) and particulary 1-hydroxy-7-azabenzotriazole (HOAL) [1].

Results and Discussion
The synthesis of 1-H-1-Hydroxy-1-azanaphtho[2,3-d]triazole (1-HOANt) 4 was ac-
complished by treatment of the acetylated derivative of 2-chloro-3-aminoqguinoline 1
with methoxyamine to give 2-methoxyamino-3-acetylaminoquinoline 2. The acetyl
group was removed by hydrolysis and the hydrochloride was treated with sodium ni-
trite to give via the diazonium salt the methoxy derivate 3. Deblocking of the methyl
group by means of HBr in acetic acid gave 1-HOANt 4 (Scheme 1). The synthesis of
1-H-1-Hydroxy-2-azanaphtho[ 3,4-d]triazole (2-HOANLt) 6 was carried out by reaction
of 4-chloro-3-nitroisoquinoline 5 with alarge excess hydrazine in ethanol (Scheme 1).
A comparison of the effect of HOAt, 1-HOANt (4) and 2-HOANT (6) as additives
on loss of configuration during the formation of tripeptides Z-Phe-Val-Pro-NH, (pep-
tide 7) formed by reaction of Z-Phe-ValOH and H-Pro-NH,, and Z-Gly-Phe-Pro-NH,
(peptide 8) formed by reaction of Z-Gly-Phe-OH and H-Pro-NH, was established via

NHCO-CH NH,-OCH NHCO-CH
_ P EEEE—
N cl N NH-OCHj;
1 2

X N HBr/HOAc XN N

_ N E— _ N

NT N NT N

OMe OH

3 4

(¢]] N:N
xoNO2  NHy-NH, . N-OH
| —
N _N
5 6

Scheme 1. Synthesis of 1-HOANt and 2-HOAN.
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[2+1] segment condensation using DIC. In the same manner a third comparison was
established by [3+3] segment condensation for the formation of Z-Gly-Gly-Val-Ala-
Gly-Gly-OMe (peptide 9). All model peptides have been reported previously [2]. The
results show that 2-HOANTt is more efficient than 1-HOANL, but less efficient than
HOALt (Table 1).

Table 1. Comparison of the effect of 2-HOANt, 1-HOANt, and HOALt on loss of configuration
during formation of tripeptides 7 and 8 via [2+1] segment condensation and during forma-
tion of hexapeptide 9 via [3+3] segment condensation in DMF.

Peptide Coupling reagent % D,L Yield, %
7 DIC/2-HOANt 33 72.2
7 DIC/1-HOANt 4.7 65.0
7 DIC/HOALt 2.4 63.2
8 DIC/2-HOANt 0.6 86.4
8 DIC/HOALt 0.2 43.6
92 DIC/2-HOANt 5.7 90.0
9 DIC/HOAt 4.6 85.0

a1 eq. of TMP was used.

The uronium/guanidinium salt derived from 2-HOANt by treatment with tetra-
methylchloroformamidinium hexafluorophosphate was shown to be more reactive
than the analogous HATU for the conversion of Z-Aib-OH to the active ester (t;, =1
min vs 6 min). The effectiveness of the new uronium/guanidinium salt derived from 6
was tested for assembly of the ACP decapeptide [3]. Under “normal” conditions (4
equivalents of the protected amino acid and 30 min coupling) there was very little dif-
ference between HATU and the salt derived from 2-HOANt. However under “forcing”
conditions (1.5 equivalents of the amino acid and 1.5 min coupling time) the new salt
was more effective (81.8% of purity vs 73.6%). The synthesis of longer peptides by
this technique is under study.
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Optimization of Coupling Methods for the Introduction
of Mono-Benzyl Phosphate Esters of Fmoc Protected
Phosphoamino Acids

Peter White
Novabiochem, CN Biosciences UK, Beeston, Nottingham, NG9 2JR, UK

Introduction

Mono-benzyl phosphate esters of Fmoc protected phosphoamino acids, Fmoc-
Aaa(PO(OBzl)OH)-OH (Aaa = Ser, Thr, Tyr), are extremely valuable tools for the
synthesis of phosphopeptides by Fmoc SPPS methods [1]. However, a recent report
[2] hasindicated that the use of standard activation methods with these derivatives can
lead to poor yields. In this poster, the development of an optimized coupling protocol
and its application in the synthesis of multiphosphorylated peptides is described.

Results and Discussion

Of the methods tested by Perich, et al., which included PyBrOP, BOP and carbo-
diimide activation, the use of uronium salts in conjunction with HOBt/HATU and
DIPEA was found to be the most effective. This approach was, therefore, taken as the
starting point in our evaluation. For atest system, the acylation of the resin-bound Val
by Fmoc-Thr(PO(OBzlI)OH)-OH 1 was chosen, since phosphothreonine (pThr) was
found to be the most problematic phosphoamino acid to couple by Perich, et al. and
the coupling together of B-branched amino acids is known to be particularly sterically
challenging.

The reactions were performed on a NovaSyn Crystal peptide synthesizer, which, by
virtue of its UV monitoring system, provided the capability to semi-quantitatively assess
of the efficiency of coupling reactions by monitoring of the subsequent deprotection re-
actions. The accuracy of the system is approximately 5% (effects due to resin swelling
notwithstanding) which was deemed sufficient to make the initial differentiation be-
tween poor and good coupling methods. A 5-fold excess of 1 was coupled to
H-Val-NovaSyn® TGR resin using TBTU/HOBUt/DIPEA (1: 1: 2) for 2 h, followed by
addition of Fmoc-Gly-Oh under the same conditions. A comparison of the deprotection
peak area of the pThr with that of the previous Va and subsequent Gly residue indicated
a coupling efficiency of between 70-80%. These results appear to confirm the findings
of Perich, et al. regarding the difficulty in coupling Fmoc-Thr(PO(OBzl)OH)-OH and
also validate the choice of model peptide as a taxing example.

Following consideration of the stoichiometry of the reaction, it was concluded that
one possible reason for the observed sluggish coupling might be that the quantity of
base used is insufficient for efficient activation, as 1 eg. of base will be neutralized by
the acidic partially protected phosphate group. Therefore, the model coupling reaction
was repeated using 3 eg. of DIPEA. In this case, deprotection monitoring indicated an
incorporation of Thr(PO(OBzl)OH) of somewhere between 90 and 100% based on the
comparison of the Thr(PO(OBzl)OH) deprotection peak areas against those obtained
for Val and Gly, respectively.

Encouraged by these results, it was decided to test these optimized conditionsin the
synthesis of the following peptides containing pThr and pSer residues:

H-Gly-Phe-Glu-Thr(PO3H,)-Va-Pro-Glu-Thr(PO3H,)-Gly-NH, 2

H-Ala-Asp-Phe-Glu-Ser(PO3H,)-1le-Pro-Ser(PO3H,)-Glu-Ser(PO;H,)-Leu-NH, 3
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Cleavage and side-chain deprotection of both peptides was effected by treating with
TFA/water/TIPS (95 : 2.5: 2.5) for 3 h. The HPLC elution profiles of the total crude
products are shown in Figures 1 and 2. Detailed LC/ES-MS analysis of crude peptides
revealed the major by-products to be the des-Val peptide and the desired sequence re-
taining a benzy! group for peptide 2 and the des-lle peptide for 3. In both examples
there was no evidence to suggest the presence of any impurities arising from incom-
plete incorporation of either phosphoresidues.

b
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:

Fig. 1. HPLC elution profile of total crude 2. Conditions: 2 min at 5% B to 100% B over 35
min; solvent A, 0.1% TFA in water; solvent B, acetonitrile/water/TFA (90 : 10: 0.1); column,
Vydac C18; detection, 220 nm. Peak a: des-Val-2 [expected M+1 996.3, found M+1 996.3];
peak b: 2 [expected M+1 1095.4, found 1095.3]; peak c: 2 + benzyl [expected M+1 1185.4,
found M+1 1185.4].
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Fig. 2. HPLC elution profile of total crude 3. Conditions: 2 min at 5% B, 5% to 100% B over 35
min; solvent A, 0.1% TFA in water; solvent B, acetonitrile/water/TFA (90 : 10: 0.1); column,
Vydac C18; detection, 220 nm. Peak a: des-lle-3 [expected M+ 1 1320.4, found M+1 1320.3];
peak b: 3 [expected M+1 1433.5, found 1433.4].
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HATU-HOAt-CuCl,: A Reliable Racemization-Free Segment
Coupling System
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Introduction

Phosphonium/uronium coupling reagents are commonly used in peptide synthesis be-
cause of their advantages over classical coupling reagents. This class of reagents,
however, gives rise to considerable racemization of the carboxy-terminal residue of
the activated peptide segment.

CuCl, was reported to reduce the racemization effectively not only in the
carbodiimide-mediated segment coupling [1], but aso in mixed anhydride-, EEDQ,
and BOP-Cl-mediated coupling [2]. Furthermore, CuCl, eliminates the racemization
in segment condensation of a peptide having a carboxy-terminal N-methylamino acid,
which is highly prone to racemization, by means of a carbodiimide and O-(N-succin-
imidyl)-1,1,3,3-tetramethyluronium tetrafluoroborate [3,4]. These results have
prompted us to utilize an effective racemization suppressant, CuCl,, in combination
with the efficient HATU-HOAt coupling system [5]. This report deals with a novel re-
agent system for racemization-free segment condensation, HATU-HOAt-CuCl.,.

Results and Discussion

Boc-Phe-Va-OH + H-Va-OBn was employed as a model reaction. After storage of
each reaction mixture at room temperature for >24 h, a portion was subjected to HPLC
analysis. % L-D-L isomer and % yield of the desired L-L-L product were determined
as (peak area of L-D-L isomer) x 100/[(peak area of L-D-L isomer) + (peak area of
L-L-L isomer)] and (peak area of L-L-L isomer) x 100/(expected peak area calculated
from peak area of standard solution of authentic L-L-L isomer), respectively.

The results are compiled in Table 1. A considerable level of racemization was de-
tected in the coupling with EDC-HOBt, a most common racemization-free segment
condensation method. The EDC-HOAt and EDC-HOBt-CuCl, methods also gave sig-
nificant amounts of the L-D-L product, although the values were much lower than that
of the ECC-HOBTt coupling. These results indicate that the model reaction employed
in this study is a highly sensitive system for the racemization test. The HATU-HOAt
(in situ) coupling gave a very low level of racemization, whereas HBTU-HOB (in
situ) gave a considerable amount of L-D-L isomer. The preactivation coupling with
HATU-HOALt, however, gave a much higher amount of the L-D-L product than in situ
coupling. This result indicates that the HATU-HOAt method is not compatible with
the preactivation procedure and that a considerable level of racemization would occur
even in the in situ coupling when the coupling reaction is very slow. The
HATU-HOAt-CuCl, (in situ) method gave an almost negligible level of racemization
with a satisfactory yield, whereas HBTU-HOBt-CuCl, gave a significant level. Fur-
thermore, the HATU-HOAt-CuCl,, afforded an aimost negligible level of racemization
also in preactivation coupling. These results indicate that the HATU-HOAt-CuCl,
method is suitable for both in situ and preactivation procedures and is highly reliable
even for very slow segment coupling reactions. HATU-HOAt-CuCl, was confirmed to
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give the undetectable level of racemization also in a different system, Boc-Phe-Ala-OH
+ H-Phe-OBn (86% yield).

Table 1. Extent of epimerization during the coupling of Boc-Phe-Val-OH and H-Val-OBn.

Coupling method? % L-D-LP % Yield®
EDC-HOBt in situ 9.8 81
EDC-HOAt insitu 1.6 89
EDC-HOBt-CuCl, in situ 0.9 62
preactivation 12 64
HBTU-HOBt insitu 8.2 83
preactivation 15.1 76
HATU-HOAt in situ 0.8 84
preactivation 6.9 81
HBTU-HOBt-CuCl, in situ 12 62
preactivation 14 60
HATU-HOAt-CuCl, insitu 0.4 76
preactivation 0.2 70

a All reactions were carried out in DMF. Two eg. DIEA for HBTU/HATU coupling. In situ:
reaction components are combined at ice-bath temp, and allowed to react at RT for >24 h;
preactivation: at an ice-bath temp for 30 min. b Means of 2-4 replications.

Consequently, it can be concluded that HATU-HOAt-CuCl, is an efficient
racemi zation-free segment coupling method. The segment condensation between large
protected peptides as employed in the practical peptide synthesisis occasionally much
slower process than model reactions using small peptides and is more susceptible to
racemization. The data from preactivation experiments, which simulate such slow re-
actions, suggest high reliability on this new method.

References

1. (a) Miyazawa, T., Otomatsu, T., Yamada, T., Kuwata, S. Tetrahedron Lett. 25, 771
(1984). (b) Miyazawa, T., Otomatsu, T., Fukui, Y., Yamada, T., Kuwata, S. J. Chem.
Soc., Chem. Commun. 419 (1988). (c) Miyazawa, T., Otomatsu, T., Fukui, Y., Yamada, T.,
Kuwata, S. Int. J. Peptide Protein Res. 39, 237 (1992). (d) Miyazawa, T., Otomatsu, T.,
Fukui, Y., Yamada, T., Kuwata, S. Int. J. Peptide Protein Res. 39, 308 (1992).

2. (a) Miyazawa, T., Donkai, T., Yamada, T., Kuwata, S. Chem. Lert. 2125 (1989).
(b) Miyazawa, T., Donkai, T., Yamada, T., Kuwata, S. Int. J. Peptide Protein Res. 40, 49
(1992).

3. Nishiyama, Y., Tanaka, M., Saito, S., Ishizuka, S., Mori, T., Kurita, K. Chem. Pharm.
Bull. 47, 576 (1999).

4. Nishiyama, Y., Ishizuka, S., Mori, T., Kurita, K. Chem. Pharm. Bull. 48, 442 (2000).

5. Carpino, L.A., El-Faham, A., Albericio, F. Tetrahedron Lett. 35, 2279 (1994).

100



Peptides: The Wave of the Future
Michal Lebl and Richard A. Houghten (Editors)
American Peptide Society, 2001

Search for a Safe, Inexpensive and Convenient Amidation Process
for Protected Amino Acids and/or Peptides
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Introduction

A large class of peptide hormones contain C-terminal amides, and, as a consequence,
the importance of carboxamides in biologically active peptides encouraged us to
search for an efficient, inexpensive, safe and a suitable method for the amidation of
protected amino acids (peptides). The general approach for the carboxamide formation
involves the reaction of the amines with an activated intermediate of the correspond-
ing acid formed by its treatment with an activating reagent. Unfortunately, not all
methods involved in the conversion of acids to amides may be suitable for the synthe-
sis of the protected amino acids (peptides) amides, possibly due to certain disadvan-
tages associated with the use of certain activating reagents which may impair the
peptide backbone. Considering these facts, and after a careful comparative study of
several existing methods [1-9], a suitable amidation process for amino acids was se-
lected and was improved for its scale-up.

Results and Discussion

The investigation was focused on the amidation of the protected amino acids by
known methods, with an intention to develop an efficient, inexpensive, and scalable
synthesis process for primary carboxamides. Hence, ease of work, yields, safety, and
cost were compared with respect to the feasibility of large-scale synthesis technology.
Our primary consideration in the selection of the synthesis method for amino acids
amides was the preservation of their chiral integrity, since the stereochemical control
is apre-requisite for the successful synthesis of peptides. Although changesin config-
uration most frequently occur during the combination of two residues, it may also take
place during the derivitization of the amino acids. Therefore Boc-Phe and
Boc-Cys(Trt) amino acids were selected for the examination of amidation reaction, as
these amino acids are known to be prone to racemization.

The conventional routes for the preparation of carboxamides, i.e. condensation of
carboxylic acids chlorides and alkyl esters with ammonia were not considered because
they require corrosive/toxic reagents and long reaction time, and also generated the
racemized derivative, as well as self-condensed diketopiperazine (DKP) byproducts. A
much milder route involving the transamidation reaction of the acid active esters or
acid anhydrides with amines has been utilized for the preparation of a variety of amino
acid (peptide) amides, but such traditional coupling regimes yielded comparatively
low yields and impure product.

Therefore, we examined the reaction of protected amino acids via their active esters
and mixed anhydride intermediates with easily available and inexpensive ammonium
bicarbonate and ammonium hydroxide as the amine source. The activated acid inter-
mediate, generated by treating the protected amino acid (1 mole equivalent ) solution
in 50% ACN-DMF with an activating agent (1.1-1.3 mole equivalent), either in pres-
ence or in absence of an additive (1.1-1.3 mole equivalent) at or below 0 °C, was re-
acted with an amine (1.2-2 mole equivalent). The reaction mixture was then agitated
for several hours while being allowed to warm to room temperature. Completion of
the reaction was monitored by HPLC and the product formed was isolated either by
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water precipitation, or by ethyl acetate extraction. The purity of the product was deter-
mined by HPLC analysis. The yields of Boc-Phe-amide prepared by DCC-NHS and
by mixed anhydride methods using ammonium hydroxide and ammonium bicarbon-
ate; by DCC method using NH,OH:NHS; by triazine method using ammonium bicar-
bonate; by di-t-butyl dicarbonate/pyridine method using ammonium bicarbonate were
31, 38.5, 77, 85.6, 79.5, 12, and 92.4% respectively. All the experiments were carried
out on a 10-mmol scale except DCC—NHS method (0.5-mmol scale) under similar
conditions. The prepared Boc-Phe-amide by different methods were indistinguishable
from the standard Boc-Phe-amide, prepared by the reaction of di-t-butyl dicarbonate
with Phe-amide (85% yield, 10-mmol scale). On the other hand, Boc-Cys (Trt)-amide
prepared by mixed anhydride method (10-mmol scale) using ammonium hydroxide
and ammonium bicarbonate gave 95.8 and 98.8% vyield respectively. The yields of
carboxamides obtained by the use of ammonium bicarbonate were generally higher
except in triazine method, which gave a very complex mixture as judged by HPLC
analysis. In addition, the use of ammonium bicarbonate was also found to be advanta-
geous as it allowed better control of the stoichiometry of the reaction and of the pH.

In conclusion, the application of an inexpensive and safe di-t-butyl dicarbonate, and
ammonium bicarbonate as a source of activation and amine respectively under a mild
condition resulted in a simple, scalable, and an efficient synthesis process for the pro-
tected amino acids (peptides) amide.
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Introduction

The ligation of an unprotected peptide thioester and an N-terminal cysteine in denatur-
ing aqueous buffer to give an unmodified amide bond at the ligation junction, has
given rapid synthetic access to proteins [1]. A general amide bond ligation can be
modeled after native chemical ligation by attaching a removable cysteine mimic to the
N-terminus of a peptide, combining thioester exchange with efficient intramolecular
acyl transfer. Auxiliary assisted intramolecular acyl transfer has been used to synthe-
size peptides [2] and to introduce backbone protection into peptides [3]. The cysteine
mimic must satisfy several requirements; easy introduction to the peptide, ligation
comparable to cysteine and it must leave a native amide bond.

NR'R? NR'R? NR'R?
HS HS HS
OCHj
OCHg OCHj
2-mercapto  2-mercapto-4-methoxy 2-mercapto-4,5-dimethoxy
ligation ligation good ligation
HF labile HF labile

Results and Discussion

Auxiliaries based on ethylmercaptan tethered to the N-terminus of a peptide [4] be-
haved poorly in our hands and could not be translated to ligation of the larger peptides
required for protein synthesis in all but the most favourable cases (Gly-Gly, His-Gly,
Cys-Gly). Practical application was further complicated by the presence of a
stereogenic center [5]. In contrast, ligations with 2-mercaptobenzyl tethered to the
N-terminus of model peptides had promising rates and suggested wider generality of
ligation sites [6].

The behaviour of substituted benzyl on the peptide bond is familiar from peptide
bond protection and backbone linkers. One useful property is that benzylamines are
stable to strong acid conditions, but the corresponding suitably substituted benzyl-
amide, for example after ligation, is acid labile [6,7]. This provides a simple strategy
for the introduction of several auxiliaries to the N-terminus of peptides for screening
of their ligation and removal properties. The scaffolds were coupled to the N-terminus
of a peptide on-resin using the submonomer approach [4,5].

The 2-mercapto-4-methoxybenzyl auxiliary was synthesized by acylation of
2-hydroxy-4-methoxybenzyl with dimethylcarbamylchloride and thermal rearrange-
ment. The 2-mercapto-4,5-dimethoxybenzy! [8] (Acros) had improved ligation proper-
ties presumably because the methoxy group parato the 2-mercapto group increased its
nucleophilicity and consequently improved thioester exchange. A C-terminal lysine
thioester to glycine ligation site was chosen as the corresponding lysine to cysteine li-
gation is representative for the majority of amino acids for native chemical ligation [9]
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(Figure 1). A more sterically challenging C-terminal glycine thioester to N-terminal
alanine ligation was also successful at low mM peptide concentration, suggesting ap-
plicability of this ligation to sites with glycine either side of the ligation junction.

MDETGKELVLALYDYQEKSPREVTMK KFDILTLLNSTNKDWWKVEVNDRQGFVPAAYVKKLD-OH
MeO.

MeO SH %

35h .
1.5h
*
0.75h | \ Jl Jl “
a b Conditions: 6 M guanidipe
0.0h 1 mM peptide
2.0 min time/min 30 min

Fig. 1. Analytical HPLC for time course of ligation of two pieces of the SH3 domain of a-spectrin;
a 1-27 Lys thiophenol thioester and b 2-mercapto-4,5-dimethoxybenzyl 28-62.
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Introduction

The chemoselective ligation of unprotectected peptides has proven to be a valuable al-
ternative to biological expression for protein synthesis [1]. The ligation of an unpro-
tected peptide thioester to an unprotected peptide possessing an N-terminal Cys to
give an amide bond at the ligation junction in neutral aqueous solution has been
termed native chemical ligation [2]. Extension of this approach to even a single non-
Cys site would give greater flexibility to the synthesis of proteins and expand the scope
of native chemical ligation to embrace more protein targets or other unhindered
bioconjugates.

An irreversible N®-ethanethiol modification of the N-terminus showed promising li-
gation properties in unhindered model systems [3]. In principle, the addition of a
phenyl ring to the N-ethanethiol modification can be used to introduce post ligation
lability: a methoxybenzyl group is acid labile when substituted at an amide bond but
acid stable as a benzylamine on the peptide terminus [4,5]. After ligation, the scaffold
could be cleaved from the backbone amide.

The N®-2-phenylethanethiol (Pet) scaffold, isideal for determining the suitability of
this auxiliary for ligation, although the unsubstituted benzylamide cannot be removed
after formation of the amide bond.

Results and Discussion

The proposed auxiliary group possesses a stereogenic center that was anticipated to af-
fect the S- to N-acy! transfer [6,7]. An unambiguous synthetic route to the two enantio-
mers was required in order to compare ligation rates. The scaffolds were synthesized
and incorporated onto the N-terminus of a polypeptide by the submonomer approach
(Scheme 1). N®-Phenylethanethiol-Gly peptide undergoes efficient ligation with both
Alaand Gly and remarkably, the ligation rate is independent of the stereochemistry of
the scaffold (Table 1). In contrast, neither scaffold was competent for ligation when
attached to a more sterically challenging N-terminal Ala peptide: the thioester ex-
change proceeded efficiently but no rearrangement was observed. The detection of
substantial quantities of unrearranged thioester intermediate suggests that rearrange-
ment is rate determining in the case of N-phenylethanethiol mediated ligation. Thisis
consistent with the observation that added thiophenol, commonly used to activate the
thioester in the native ligation reaction had no effect on the rate of ligation.

NH, a. (+-Bu)C,03, BocNH BocNH NH

' ‘ Br 2
coome dloxcE::.a'\:;c;fer 11 | _oH_e TscLey @on) J _sac o Neowe, «@\ s
—_— .
b.NaBH,, EtOH b. HsCOSCS" b $::";) +)
- °(70'1/;) DMF (80%) ARt R =p - Me benzyl
R R g
HN PEPTIDE HE HN'%PWHDE_O Br‘"\o( PEPTIDE —( )
Hs - RS
R'= H (6k)

CHs (Ak)

Scheme 1. Synthesis of the auxiliary and introduction onto the peptide sequence.
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Table 1. Ligations between peptide thioesters and the N®-phenylethanethiol (Pet)-peptides.
Ligation conditions: 100 mM phosphate buffer, pH 7.5, in the presence of 35 mM
tris(2-carboxyethyl) phosphine hydrochloride. Peptide concentration: 8 mM each.

ty, (Min)
R-(Pet) S-(Pet) R-(Pet) S(Pet)
GLLRPFFRK GLLRPFFRK ALLRPFFRK ALLRPFFRK
LWAPY RAG-thioester 40 30 np.? n.p.2
LWAPY RAA-thioester 140 120 n.p.2 n.p.2

@No rearranged product was detected after 48 h of reaction.

Although the stereogenic center did not affect the ligation rate, the generation of a
mixture of diastereomeric compounds can complicate the purification of crude pep-
tides possessing the N* modification. An acid labile analogue of this auxiliary has re-
cently been described [8] and other modifications such as photolabile anal ogues could
also be introduced.
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Introduction

Synthesis of large polypeptides requires the assembly by chemical ligation [1] of three
or more unprotected peptide segments of thirty or more amino acids. In the synthesis
in the C-to-N direction, a key issue is the potential reactivity of the middle segments,
which would bear both an N-terminal Cys and C-terminal thioester. Up until now, an
Acm [2] or Msc [3] group has usually been employed to temporarily protect either the
SP or N% of the N-terminal Cys residue, to prevent self condensation and other side re-
actions. In order to overcome the limitations of these two approaches, we investigated
the use of a thiazolidine derivative, thioproline, as a precursor of the N-terminal Cys
in the synthesis of the middle peptide segments.

Results and Discussion

Thiazolidine derivatives are readily accessible by cyclization of Cys with aldehydes or
ketones and stability is highly dependent on modifications introduced in the C-2 posi-
tion of the ring system [4]. The ring can be easily reopened in the presence of
methoxamine under acidic conditions (Scheme 1). Even though aminooxy and alde-
hyde functionalities have already been used in chemoselective modification of pro-
teins using oxime linkage [5] or capture [6], we investigated the compatibility of this
type of reversible protection with our chemistry and the occurrence of any side reac-
tion through the ligations.

PN
(o} HN CH, unN 0O H
N 1 2 i ,0\
(jc_ xaaz_xaanCOOH —>. c— Xaaz-XaanCOOH + >=N CH3
s pH3540 NS H

Scheme 1.

Opening of the thiazolidine ring at different pH and different O-methyl-
hydroxylamine (NH,-O-CHj) concentrations was studied on a model peptide
Spr-YAKYAKL (Spr corresponding to thioproline), as shown in Figure 1.

These deprotection conditions were applied to the synthesis of a protein from four
peptide segments obtained by SPPS using standard in situ neutralisation/HBTU activa-
tion procedure for Boc-chemistry [7]. The two “middle” fragments were synthesized
on a thioester generating resin and the N-terminal Cys was replaced by thioproline.
After completion of the ligation reaction, 20% 2-mercaptoethanol was added to the re-
action mixture, the pH adjusted to 9.0 for 1 h to remove the formyl group of Trp and
hydrolyze any unreacted thioester. The reaction mixture was then acidified to pH 3.5
and NH,-O-CH; was added to a 0.5 M final concentration and incubated for 2 h at
37 °C for complete opening of the N-terminal thiazolidine ring. The reaction mixture
was further treated with 10-fold excess of TCEP (2-carboxyethylphosphine) for 15 min
before HPLC purification. After work-up of the reaction medium, EIMS analysis of
the magjor peak showed a mass loss of 39.4 Da, consistent with the loss of the formyl
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group from Trp and thioproline ring opening (—40 amu). In the same way,
deprotection of the second ligation product, resulted in aloss of 12 amu, in agreement
with N-terminal thioproline ring opening.

v B w4 A
g g
& 60 - /X g 60 - —e—pH45
:. X = —0—pH4.0
£ 40 4 —e—05M £ 40 4 —o0—pH35
» —0—025M » —a—pH30

20 —4—0.125M 20 —%—pH25

—Xx—0.0625M
o T T 1 0 T T 1
0 50 00 50 0 00 200 300
Time [min] Time [min]

Fig. 1. Extent of N-terminal ring opening at room temperature as a function of time, pH (A) and
O-methylhydroxylamine concentration (B).

Thioproline represents a convenient temporary protection of the N-terminal Cys for

peptide segments with a C-terminal thioester and the one pot deprotection procedure
proposed here permits a considerable reduction in losses related to multistep
purifications associated with solution syntheses.
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Introduction

Oligonucleotides constitute a class of potentia therapeutic agents. Improvement of
certain properties, such as cell-specific delivery, cellular uptake efficiency, intra-
cellular distribution, and target specificity can be accomplished by covalent
association to peptides [1]. Rather than forming ionic oligonucleotide-peptide complexes,
covalent association results in more consistent products, in which the desired proper-
ties can be controlled by structural variations. We present in this paper a novel meth-
odology for the site-specific ligation of oligonucleotides to peptides through a
hydrazone link (Figure 1) [2].

H
O N
HzN\N o I “oligonucleotide
H e
peptide  HO™ “OH
l pH 6
H
N
Oji “oligonucleotide
_N”H
0 N
pepticl-é

Fig. 1. Site-specific hydrazone ligation between an a-hydrazinoacetyl peptide and a glyoxylyl
oligonucleotide.

Results and Discussion

Oligonucleotide 2 functionalized at the 5 end by a glyoxylyl group was synthesized as
shown in Scheme 1. Compound 1 was assembled on CPG using solid phase phosphor-
amidite chemistry. The amino link was protected by a MMt group. The tartaryl moiety
was easily incorporated using (+)-diacetyl-L-tartaric anhydride/2,6-lutidine in THF,
immediately following removal of the MMt group of the amino link with trichloro-
acetic acid in dichloromethane. The tartaramide bond was found to be fully stable dur-
ing the aminolysis step, and the purity of crude oligonucleotide 1 was found to be high
(ES-MS M calculated 6458.48, found 6454.5). Periodic oxidation was cleanly per-
formed using 2 eq of NalO, at pH 6.6 100 mM phosphate buffer to give glyoxylyl
oligonucleotide 2 in 63% vyield after purification by RP-HPLC and lyophilization.
(n-Bu);P was added to the pure RP-HPLC fractions prior to the lyophilization step to
avoid partial oxidation of the a-oxo-aldehyde group by traces of peroxides. Impor-
tantly, compound 2 was found to be stable for months when stored at —20 °C. No
imine formation (intramolecular or intermolecular) could be detected either by RP-HPLC,
ES-MS or MALDI-TOF.
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Compound 2 in hand, we have further examined the reactivity of the glyoxylyl
group toward N-terminal a-hydrazinopeptides for hydrazone chemical ligation.
Hydrazinopeptide 3 H,N-GR,-OH, the structure of which is based on arginine oligo-
mers described by Rothbard et al. [3], was synthesized using SPPS as described else-
where [4]. Ligation was performed at rt in a pH 5.3 citrate buffer using 2 eq of 3. A
few seconds after the addition of the peptide, the conversion was already 50%. After
22 h of reaction, the crude ligation product (90% by RP-HPLC, the remaining being 2)
was purified by RP-HPLC and Iyophilized to give the expected hydrazone in 47%
yield (MALDI-TOF [M+H]* calculated 7548.8, found 7544.8).

H 1

O/iz(cHz)G-O-POZ-(OCHzcHz)G-OPOZ--OCHZCH2)6-OP02-GTC CAA GCT CAG CTA ATT
o)
HO

o
HO Nalo,

o/?/HN-(CH2)6-O-P02-(OCHZCHZ)G-OPOZ--OCHZCHZ)G-OPOZ-GTC CAA GCT CAG CTA ATT

HO 2

OH
Scheme 1. Periodic oxidation of oligonucleotide 1 modified at the 5" end by a tartaric acid residue.

In conclusion, glyoxylyl oligonucleotides were found to be useful derivatives for
the convergent synthesis of peptide-oligonucleotide conjugates using hydrazone
chemical ligation.
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Introduction

We report herein a new strategy for the synthesis of polypeptides using recombinant
proteins (non-protected peptides) in combination with S-alkyl peptide thioesters (pep-
tide thioesters) [1,2] for the use as building blocks.

Semisynthesis using biologically prepared peptides has been investigated via chem-
ical ligation methods [3]. For example, Gaertner et al. reported on hydrazone bond
formation as the result of the reaction of peptide hydrazide and N®-glyoxyloyl pep-
tides [4]. Although these reactions proceed chemosel ectively, they do not giveriseto a
native peptide bond. Dawson et al. reported on a chemoselective reaction of peptide
thioesters and peptides, which have a cysteine residue at the N-terminus, to result in
the formation of a native peptide bond [5]. This peptide bond formation via an SN
acyl shift had been previously reported by Wieland et al. [6]. Thiol containing linkers,
such as 2-mercaptoethoxy [7], 2-mercaptobenzyl [8], and 1-phenyl-2-mercaptoethyl
[9] groups on the terminal amino group can be used to replace the cysteine residue.
These methods are quite convenient, because protecting groups are not required and
the reaction can be carried out in neutral aqueous solutions. Furthermore, biologically
prepared peptides have been used as building blocks in the native chemical ligation
method [10,11]. An expressed peptide was also used as a C-terminal building block, in
which a partially protected peptide segment was condensed with a peptide thioester in
the presence of silver ions [12]. Here we present an alternative method for the use of
expressed peptides in the peptide bond formation at Xx-Gly sequences.

Results and Discussion
C-Terminal peptide building blocks would be prepared from recombinant proteins
(free peptides), which have a serine or threonine residue at the N-terminus, by the fol-
lowing steps [13]: first, the N-terminal amino alcohol moiety is oxidized with per-
iodate to an N®-glyoxyloyl peptide [14], then 4,5-dimethoxy-2-(triphenylmethylthio)-
benzylamine (1) is introduced to obtain an N®-4,5-dimethoxy-2-mercaptobenzyl
(Dmmb)-glycyl peptide, which would undergo condensation with a peptide thioester.
A model sequence, Gly-Ser-Arg-Ala-His-Ser-Ser-His-Leu-Lys, was examined as a
C-terminal segment. The N®-glyoxyloyl peptide, CHOCO-Ser-Arg-Ala-His-Ser-Ser-
His-Leu-Lys-NH,, was obtained by the periodate oxidation of Ser-Ser-Arg-Ala-His-
Ser-Ser-His-Leu-Lys-NH,. This peptide was treated with amine 1 and sodium cyano-
borohydride in DMF containing acetic acid, followed by trifluoroacetic acid (TFA)
containing triisopropylsilane to give the N®-Dmmb-glycyl peptide. This peptide was
condensed with a peptide thioester, Lys-Asp-Ala-GIn-Ala-Gly-Lys-Glu-Pro-
Gly-SCH,CH,CO-Leu, in neutral phosphate buffer containing 0.20 M thiophenol [15].
After stirring for 24 h, dithiothreitol was added, and the product, Lys-Asp-Ala-GIn-
Ala-Gly-Lys-Glu-Pro-Gly-(Dmmb)Gly-Ser-Arg-Ala-His-Ser-Ser-His-Leu-Lys-NH,,
was purified by RP-HPLC. The Dmmb group was removed by treatment with
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trifluoromethanesufonic acid (TFMSA) in TFA to give Lys-Asp-Ala-GIn-Ala-Gly-
Lys-Glu-Pro-Gly-Gly-Ser-Arg-Ala-His-Ser-Ser-His-L eu-Lys-NH..

In conclusion, we reported the successful preparation of athiol linker-attached pep-
tide, for condensation with the peptide thioesters, from a non-protected peptide via
periodate oxidation of the N-terminal serine residue, and reductive amination with the
Dmmb amine. Transamination reaction of N-terminal amino groups can also be used
instead of the periodate oxidation of the serine or threonine residue, in principle,
though the stereochemistry, formed in the reductive amination, should be controlled.
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Introduction
a-Conotoxin Iml [GCCSDPRCAWRC-NH,, S-S connectivity: 1-3; 2-4] is isolated
from the worm hunting cone snail Conus imperialis and is a potent and specific antag-
onist for the neuronal a7 nicotinic acetylcholine receptor (nAChR). Previous 'H NMR
structural studies in our laboratory showed that the N and C termini are in close prox-
imity. Furthermore, residues which have previously been found to be crucial for bind-
ing [2] are well separated from the termini and appear on one face of the molecule.
We hypothesised that N to C terminal cyclization of Iml with insertion of a single
amino acid or dipeptide spacer (or equivalent chemical moiety) would further enhance
its stability and potentially its bioavailability with minimal disruption to the native Iml
structure. We describe here our initial experiments with two cyclic Iml analogues,
clml-A (Ala spacer) and ciml-AG (Ala-Gly spacer)

Results and Discussion

The two acyclic conopeptides were synthesized using a one-pot native chemical liga-
tion strategy as the target molecules contain a convenient Gly-Cys ligation site [1].
Furthermore, conditions used to effect cyclization using this strategy also induce di-
sulfide bond formation. The thioester linker was prepared using a simple three step
procedure on a Boc-Phe-OCH, PAM resin [3] and the peptides were assembled using
in situ neutralization in Boc chemistry [4]. Simultaneous cleavage and removal of side
chain protecting groups were effected using HF/p-cresol/p-thiocresol (9: 0.8: 0.2).

Following purification, a series of trial cyclizations were attempted under various
conditions. For both analogues 0.1 M Tris+ 2 M Gn-HCI, pH 8.4 were most effective.
cIlml-AG displayed a mixture of disulfide isomersin approximately 1: 4 : 1 ratio whereas
clml-A displayed one major isomer. The major product of each experiment was iso-
lated and further characterised.

The disulfide bond connectivity of the two analogues were elucidated using a di-
rected disulfide bond synthesis with orthogonal cysteine protection (fluorenylmethyl
and p-methylbenzyl) and subsequent cyclization with BOP. Co-injection of the di-
rected synthetic material with the major products of the native chemical ligation syn-
thesis showed that the major product of cimlAG corresponded to the 1-3, 2-4 isomer
and cImlA corresponded to the 1-4, 2-3 isomer.

Samples for NMR experiments contained ~3 mM peptide in either 100% D,O or
10% D,0/90% H,O at pH 3.5. Experiments were carried out on Bruker 500 and
750 MHz NMR spectrometers. Spectrawere routinely acquired at 280, 285 and 290 K.
Structures were calculated using XPLOR and the pictures generated in MolMol. Rib-
bon depictions of the NMR structures of the cyclic analogues show that the arrange-
ment of residues in the first loop including Asp5, Pro6 and Arg7 is conserved,
however Trpl0 in the second loop is significantly displaced, and may be unable to in-
teract (Figure 1) with its receptor.
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Preliminary binding assays to parasympathetic neurons from neonatal rat
intracardia ganglia show that the analogues bind to the a7 subunit of NAChR’s with
approximately 30-fold decrease in activity which is consistent with previous mutagen-
esis studies of Trpl10 [2]. A full dose response study is yet to be performed.

7
N/
X \ 10
\

\ 12
A\
P ,\_',_/12
— 7).

clml-AG

Fig. 1. (Top) Ribbon depictions of Iml, cIml-A and cIml-AG (Bottom) Overlays of ribbon depic-
tions showing that residues in the first loop fit with the native Iml structure whereas the second
loop is displaced.
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Total Chemical Synthesis of k-Casein Using Native Ligation
M ethodology
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Introduction

Casein milk proteins (o, d,, B, and K) together with calcium phosphate form heavily
hydrated loose colloidal particles known as milk micelles [1]. Whereas the primary
structures of the caseins are well known there are no reports in the literature on their
tertiary structures. This may be attributed to the difficulties experienced in obtaining
homogeneous proteins from milk due to the abundance of genetic variations and post-
translational modifications (PTMs). k-Casein which contains 169 residues plays an
important role in the stability and size of milk micelles. In our first efforts in a wider
“chemical synthesis of caseins’ program we decided to synthesise k-casein without its
common PTMs and investigate its properties. Here we report the synthesis of k-casein
using native ligation methodology.

Results and Discussion

K-Casein consists of 169 amino acids with a hydrophobic N-terminal and a hydro-
philic C-terminal [1]. For synthetic convenience the protein sequence was divided into
the following four segments each tailored to facilitate native chemical ligation:

IEEQNQEQPIRCEK DERFFSDKIAKYIPIQYVLSRYPSY GLNYYA*
45CK PVALINNQFLPY PY YAKPAAVRSPAQILQWQVLSNTVPAKAS
88CQAQPTTMARHPHPHL SFMAIPPKKNQDK TEIPTINTIASG?®
129CPTSTPTTEAVESTVATLEDSPEVIESPPEINTVQVTSTAV 169

The peptide segments were synthesised in high yield manually using
t-BocAla(Gly)-S-mercaptopropionyl-alanyl-Pam resin and rapid t-Boc amino acid/
HBTU/DPIEA in situ neutralization chemistry [2]. Cysteine residues were protected
by Acm with other side chain protection described elsewhere [3]. Each peptide seg-
ment was isolated in high purity after HF cleavage and RP-HPLC purification. Mass
spectrometry was used to characterise various peptide segments.

The K-casein was then assembled using “native ligation” chemistry [4]. Segments
88-128 and 129-169 were ligated in phosphate buffer (pH 6) within 2 h (HPLC) using
thiophenol as an activating catalyst (Figure 1). The ligated peptide (88-169) was puri-
fied (HPLC), and the free cysteine capped with iodoacetic acid. Following removal of
Acm from the N-terminal cysteine 88 (mercuric acetate, pH 4) K-casein (88-169) was
ligated with the next segment (45-87) under the same reaction conditions. Similarly,
following the same sequence of steps the fourth segment (1-44) was ligated to obtain
K-casein [Q44A, Q45C, S87X, E129X, X = Cys(CH,COOH)]. In conclusion, this is
the first report on the total chemical synthesis of K-casein using rapid SPPS and “na-
tive ligation” methodol ogy.
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Acm\ (i) B
ﬁ N
N/w 89-127 Gly—C—S—R /CH 130-168 Val—NH,

HoN

H2
(i)
R =-CH,CH,COCH 1. Ligation

2. ICH,COOH/Base
Y 3. Hg(OAc),

“ ;o

89-127 Gly— CH—,:I—VaI—NH
H,N N

Sequential ligation of
45-87 and 1-44 segments

Kappa Casein [Q44A, Q45C, S87X, E129X, X= CysCH,COOH]

Fig. 1. Synthesis of k-casein via native ligation of protein segment.
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Introduction

Two methods are compared for the synthesis of peptide thioester fragments by Fmoc
chemistry-mediated solid phase synthesis. The first, which utilizes isothiouronium
salts [1], allows formation of thiopheny!l esters directly from partially protected pep-
tides, either in solution or on resin. The chloride salt, named CTTU, reacts far more
rapidly than does the variant bearing a non-nucleophilic counterion, TTTU. This ob-
servation suggests active participation of the chloride ion during thiophenyl ester for-
mation (Figure 1), and that use of CTTU may give rise to significant levels of
racemization. Solution and on resin derivatization have been shown to be satisfactory
and equivalent methods in the synthesis of SDF-1(3 47-64 (Figure 2).
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Fig. 1. Schematic representation of the formation of thiophenyl esters via the use of
isothiouronium salts (suggested mechanism), and using an activated Kenner sulfonamide resin;
R represents a protected peptide chain, and A either a methyl or cyanomethyl group.

Results and Discussion
Recent publications [2,3] have demonstrated straightforward application of the
Backes/Ellman safety-catch method to ligation assembly of several complex peptides.
Our initial studies with this procedure gave very low to no yield of target peptides.
Rather than continue with the SDF sequence, our evaluations switched to a variant of
adifficult test sequence, tBoc-Gly-Tyr(tBu)-Leu-Phe-Glu(OtBu)-Val-Asn(Trt), which
still maintained a C-terminal Asn(Trt).

Application of the simultaneous comparative approach yielded the following re-
sults: (1) Activation by methylation is effective, iodoacetonitrile is not; (2) Thiolytic
cleavage only occurs in the presence of sodium thiophenoxide; (3) Thiolytic cleavage
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with mercaptopropionic acid ethyl ester is safest, a significant side-reaction occurs
with benzylmercaptan and thiophenol due to thioester migration during base treatment
(the byproducts from all side reactions have been identified); (4) The Kenner safety
catch linker is as effective as the sulfamoylbutyryl linker of Backes/Ellman; (5) PS
and NovaGel supports are equally effective.

Trt Rink Linker —( ) Trt Rink Linker— '
|1 (.
Fmoc—NH—LI‘(ILN}'PD-OH -— Fmoc*NH*LP‘(ILN"I'PD~OAI
Boc tBu Boc tBu
l CcTTU
Trt Rink Linker—( )
(.
Fmoc—NH—LI‘(ILNTPD—SPh
Boc tBu
j TFA
Fmoc—NH—LKILNTPN—SPh + CALQIVARLK > Ligated SDF 1} 47-64
Characterized by Edman
‘ TFA Sequencing, MS analysis.
Trt Tn
Fmoc*NH*LI‘(ILNTPN—SPh
Boc tBu
‘ CTTU
Trt Trt Trt Trt
FmochHfLi‘(ILNTPN<OH s FmochHfL}‘ﬂLN"I'PN‘OfC\Tn
Boc tBu Boc tBu

Fig. 2. Schematic representation of the synthesis of SDF-1(3 47-64 via on resin (top path) and in
solution (bottom path) formation of thioester fragments.

In conclusion, CTTU is an effective, readily prepared and non-noxious reagent,
which can form thiophenyl esters on resin or in solution, although its use may result in
significant levels of racemization. Aditionally, safety catch approaches are subject to
steric effects at the C-terminus, and may require catalysis with sodium thiophenoxide.
Lastly, it was found that thiolysisis best performed with mercaptopropionic acid ethyl
ester, the use of which avoids a thioester migration side-reaction.
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Introduction

Several experiments have revealed that multiple cellular responses can be induced
fairly efficiently by immunisation with several peptide antigens possessing an N-¢
palmitoylated lysylamide at C-terminus. The tolerance and immunogenicity of a cock-
tail composed of 6 HIV-1-derived multi-epitopic lipopeptides used in the ANRS-
VACO04 phase | clinical trial, confirmed that such synthetic formulations represent a
promising alternative approach to conventional and recombinant vaccines [1]. With
the aim of producing a vaccine that could, ideally, induce in each individual a poly-
clonal T-cell response, in order to prevent the selection of escape mutants, thus in-
creasing the diversity of the immunising cocktail, now represents one of the most
attractive optimisation strategies.

Lipopeptides tend to aggregate in aqueous media. Therefore, the major difficulty
encountered during their production is associated with preparative RP-HPL C steps. As
efficient chromatographic separation of lipopeptides can be achieved only with alim-
ited column loading, a considerable part of the labour cost is spent on the repetition of
chromatography runs.

In order to circumvent the difficulty encountered during the preparative RP-HPLC
of lipopeptides, we envisioned a strategy of lipidation by chemoselective hydrazone
formation between a lipophilic glyoxaldehyde vector and prepurified hydrazino-
peptides.

We have recently described the rapid and almost quantitative lipidation of a 38-mer
hydrazinopeptide in quasi-stoichiometric amounts (1.1 eg.) of the lipophilic vector 1.
The ligation was performed under salt-free conditions, using a 95 : 5 mixture of
2-methyl-propan-2-ol/water [2]. We now demonstrate that this method can be adapted
for the lipidation of several fully purified hydrazino acetyl peptides 2a, b, ...n with
only 1.2 equivalent of the lipophilic glyoxaldehyde 1, with simultaneous production of
the corresponding hydrazone lipopeptides 3a, b, ...n (Scheme 1).

Results and Discussion

The lipophilic glyoxaldehyde 1, composed of a palmitoyl and glyoxylyl group linked
by a 1,3-diaminopropane moiety, was obtained by solid-phase synthesis, using our re-
cently described isopropylidene tartrate (1PT) linker on an amino PEGA resin [3]. The
palmitic acid was introduced using BOP activation. Unmasking the 1,2-diol was fol-
lowed by solid-phase periodic oxidation in a 2-methyl-propan-2-ol/H,O/AcOH mix-
ture (3/2/1), which resulted in both the formation of the a-oxo-aldehyde moiety, and
the cleavage of the product from the solid support.

In view of the preparation of lipopeptide antigens which could be compared to our
previously described C-terminal palmitoyl-peptides, and in order to validate our ap-
proach with diverse sequence models incorporating any amino acid (including
cysteine), we selected seven hydrazinopeptides 2a—g deriving from proteins of the
Simian Immunodeficiency Virus (SIV) [4].
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Scheme 1. Salt-free chemical ligation strategy for the preparation of hydrazone lipopeptides.
Pam = palmitoyl. Solvent conditions: 2-methyl-propan-2-ol/water 95 : 5, RT.

The hydrazino acetyl peptides were produced as trifluoroacetate salts by
Neosystem, Strasbourg, France, using Fmoc/t-Butyl solid-phase peptide strategy. Our
recently described tri-protected compound (Boc),N-N(Boc)CH,COOH was used for
unambiguous introduction of the hydrazinoacetyl moiety upon a selectively deprotected
€-amino group [6].

A mixture containing all seven hydrazino peptides was prepared by combining pre-
cisely determined quantities of 2a—g. To the gel formed by moistening the lyophilized
mixture with a minimal quantity of water, a solution of 1 in 2-methyl-propan-2-ol (1.2
eg.) was added under vigorous stirring. The reaction was monitored by RP-HPLC us-
ing a shallow gradient. The 7 hydrazino peptides 2a—g furnished cleanly and rapidly
the corresponding hydrazone lipopeptides: 90-98% conversion yields were obtained
after lessthan 5 h of reaction. LC-MS analysis of a sample recovered at the end of the
process alowed a clear identification of all the expected lipopeptides 3a—g (Table 1).

Table 1. Sequence of the model peptides, molecular weight and retention time determined
during LC/MS analysis of the hydrazone lipopeptides 3a—g.

SVRPKVPLRAMTYKLAIDMSHFIKE 3a 3608.9 3608 19.43
EKGGLEGIYYSARRHRILDMYLE 3b 3319.3 3318 20.72
DWQDY TSGPGIRY PKTFGWLWKLV 3c 3463.5 3462 25.17
SKWDDPWGEVLAWKFDPTLAYTYEA 3d 3538.5 3538 23.41
YTYEAYARY PEELEASQACQRKRLEEG 3e 3803.7 3802 19.57
KFGAEVVPGFQALSEGCTPYDINQMNLCVGD 3f 3852.9 38515 23.12
QIQWMYRQQNPIPVGNIYRRWIQLGLQKCVRMYNPTN 39 5156.5 5155 21.21
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According to the ICH Q3C Guideline of the European Agency for the Evaluation of
Medicinal products, trifluoroacetic acid is an ICH class 4 solvent, for which no ade-
guate toxicological information is available. We therefore performed a trifluoro-
acetate-acetate salt exchange (over 95% yield by RP-HPLC), followed by 0.22 um
sterilising filtration, distribution of the solution into sterile glass vials, and fina
lyophilization.

In another experiment, the direct lipidation of acetate salts of the hydrazino acetyl
precursors was attempted using the same conditions. However, the formation of
ill-defined aggregates was observed, indicating that the efficiency of the reaction was
dependent upon the nature of the counter-ion.

A magjor advantage of this approach is the absence of any resolutive purification
step after introduction of the lipid tail. The collective treatment of the peptide antigens
for several consecutive steps (lipidation, ion-exchange and sterilizing filtration) with
excellent overall yields permits a considerable reduction of the prodution cost of com-
plex lipopeptide cocktails.

The immunogenicity of our new hydrazone lipopeptide cocktail is now under inves-
tigation in the laboratory of J.-G. Guillet (INSERM U445, Paris).
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Introduction

The term privilege structure has been coined [1] to describe classes of molecules that
are capable of binding to multiple, unrelated receptors. For example, various cyclic
tetrapeptides have been isolated from bioactive fractionation and have wide-ranging
biological activities, including anti-cancer, anti-parasitic, opiate agonist, tyrosinase in-
hibitors and potential selective herbicides. No synthetic routes have been described
that enable access to this “difficult” class of compounds in a versatile fashion. In this
work, we have developed a strategy that makes use of two types of auxiliaries, one
that enables a ring closure/ring contraction process, and a second one which performs
the role of promoting cis-amide bond conformations at selected positions in the back-
bone.

Discussion

Our reported strategy [2—4] on the synthesis of difficult cyclic peptides is outlined in
Figure 1, Route A. Briefly, the synthesis of the linear peptide | a followed by the initial
ring closure generates a more accessible larger ring | la, whereby the N- and C-termini
are preorganised for cyclisation. Subsegquent O- to N-acyl transfer leads to the desired
macrocycle | I1a and removal of the auxiliary gives the desired cyclic peptide | V. Cur-
rently, using this strategy, we have been able to synthesise 6 cyclic tetrapeptides with
the general formula cyclo-[AA;-AA,-AA;-Gly] (Table 1).
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Fig. 1. Synthesis of cyclic peptides using the ring contraction strategy.
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Table 1. Synthesis of cyclic tetrapeptides via ring contraction (Route A).

entry Pepice oviddilla  sidd o vidd
a [Hnb] Tyr-Arg-Phe-Gly-OH 85 62 49
b [Hnb]Asn-His-Phe-Gly-OH 70 32 26
c [Hnb]Asn-Arg-Phe-Gly-OH 75 57 30
d [Hnb] Asn-Ser-Trp-Gly-OH 25 26 49
e [Hnb]Arg-His-Asn-Gly-OH 60 51 52
f [Hnb]Arg-lle-His-Gly-OH 55 32 10

Following this success, we set out to evaluate the strategy using all-L-amino acid
functionalised tetrapeptides. To our knowledge, the only reported examples contain
glycine, proline or N-substituted residues in the sequence. The standard ring closure/
ring contraction conditions, when applied to a model tetrapeptide Tyr-Arg-Phe-Ala, failed
to generate the cyclic tetrapeptide. Through careful examination of the product mix-
ture it became apparent that the ring closure to the intermediate nitrophenyl ester pro-
ceeded rapidly, but ring contraction failed at room temperature. We therefore
examined if ring contraction could be enhanced by the introduction of a backbone sub-
stituents in the sequence (Figure 1, Route B). It has previously been shown that back-
bone substitution lowers the energy barrier for cis-amide bond formation, thereby
increasing the propensity for cyclisation.

Synthesis of [Hnb] Tyr-Arg-[Hnb]Phe-Ala-OH proceeded via similar chemistry as
reported previously [1-3]. Cyclisation followed by ring contraction afforded two
monocyclic peptides in a combined yield of 59%. The first eluting product (33%) was
characterised as the all-L cyclic peptide, while the second eluting monocyclic product
(26%) contained D-alanine.

Subsequent removal of the auxiliaries by photolysis from the all-L cyclic peptide
lead to a reverse N-to-O-acyl shift, which results in ring opening side reactions and
complete loss of the cyclic products (Figure 2). It was found that Hnb removal can be
effectively achieved by diazomethane induced methylation of the Hnb groups, fol-
lowed by photolysis of the crude product (Figure 3). Following this route, the all-L cy-
clic tetrapeptide, cyclo-[Tyr-Arg-Phe-Ala] was successfully synthesized. It is expected
that this route will provide, for the first time, a versatile approach to cyclic tetra-
peptides.

s 0 ~ 5
¥ o L ¥

) —> [Hnb]- Linear tetrapeptide
—OH

Fig. 2. Proposed hydrolysis of the cyclic [Hnb] -tetrapeptide.
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HO
1. Cyclisation _ NO,
[Hnb]Tyr(Bn)—Arg—[HnB]Phe—OH 2. Ring Contraction
48%

O

0N, OH
H,CO
0,
1. hv
CHaNz @ 2~_2*1'0/£‘L Cyclo-[Tyr-Arg-Phe-Ala]
90% °

0]

O-N,
2 OCH, ) = Tyr(Bn)-Arg-Phe-Ala

Fig. 3. Alternative route for the synthesis of cyclo-[ Tyr-Arg-Phe-Ala].
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Introduction

Cyclic tetrapeptides are an exciting class of molecules showing a wide range of bio-
logical activities. They are very difficult to synthesize due to the inherent strain of the
12 membered ring. Our initial experiments on the inclusion of backbone substituents
to increase the propensity for cis conformations of the amide bond [1] resulted in sig-
nificant improvements in yields for cyclizing these linear precursors. To support the
hypothesis on the role of cis amide bonds in reducing ring strain within cyclic tetra-
peptides, and to provide a simple synthetic method in accessing these molecules we
have been evaluating cis-amide bond surrogates. We initially decided on the synthesis
of a pyrrole as a conformational isostere and to incorporate this into a cyclic motif to
examine its effect on cyclization. Herein, we report on a simple preparation of an un-
protected H-Gly-Tyr-OH dipeptide surrogate which contains a 1,2-pyrrole W[C,H;N]
moiety designed to mimic a cis amide bond (Figure 1).

Hoj\(R :> Hoﬁ\(R
e .

Restrict the rotation
i.e. cis amide bond isostere

Fig. 1. A cis-amide bond isostere.

Results and Discussion

We initially decided to incorporate the cis-amide bond isostere into a model cyclic
peptide cyclo-[Arg-Phe-Gly-Tyr]. We found that this sequence was a suitable model
since: i) in our hands the linear precursor, H-Arg(Pmc)-Phe-Gly-Tyr-OH affords only
cyclic oligomers with no detection of the cyclic monomer under standard cyclization
conditions and ii) the synthesis of a similar pyrrolesto 2 had previously been reported
in the literature [2] starting from the tetrahydrofuran 1.

The synthesis of the modified cyclic tetrapeptide proceeded through formation of
the aldehyde from 1 (Figure 2). Hydrolysis, imine formation followed by hydrogena-
tion removed the benzyl protecting group and reduced the corresponding hydroxy-
imine to give the desired amino acid 2. Due to the lack of acid stability the amino acid
2 was reacted immediately with the activated ester of Fmoc-Phe-OH. Removal of the
fluorenylmethyl protecting group, subsequent addition of the final residue Fmoc-
Arg(Pmc)-OH followed by Fmoc removal afforded the wanted linear tetrapeptide 4.
Cyclization of the linear peptide 4 at 0.1 mM, —10 °C, resulted in the formation of the
desired monocyclic products 5a (11%) and the diastereomer cyclo-[Arg-Phe-
GlyW(C,H;N)(D)Tyr] 5b (10%, confirmed by NMR). Also isolated was the cyclic
dimer in 20% yield. Separation and treatment of 5a with 95% TFA removed the Pmc
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group to give the cyclic material 6a in 32% yield. However, under these conditions
substantial racemization occurred at the C-a of tyrosine site to afford 23% of the
diastereomer 6b. This was initially confirmed by NMR and later by the treatment of
5b with strong acid to afford 6b as the only product.

1.0.1 N LiOH
1. H-Tyr(Bn)-OBn. HCI /A 2. NH,OH.HCI
L\ 2. CH(OMe),, TiCl, OHC N 3. HyPd HoN

HQCO (] OCH3 56% OCH3 64%
BnO
O
©/\2( )
Cycllsatlon ﬁ

NHR %
5a R =Pmc, L- conﬂg
TF Alj 5b R = Pmc, D-config.
>

6a R =H, L-config.
6b R = H, D-config.

38%

Peptide
Synthesis \/L—)

NHPmc

Fig. 2. Synthesis of a cyclic tetrapeptide containing a cis-amide bond isostere.

Interestingly, racemization only occurred upon Pmc deprotection of the all L cyclic
tetrapeptide and not the D containing diastereomer. This is presumably related to ring
strain.

In conclusion, the stabilization of a cis-amide bond with a pyrrole moiety allowed
the synthesis of cyclic tetrapeptide derivative which was not accessible from the non-
pyrrole containing sequence. Shortcomings of the approach includes pyrrole stability
and racemization. Other isosteric replacements are now being investigated in conjunc-
tion with the use of the HnB auxiliary.
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Introduction

Nature has found many intriguing and elegant ways to reduce the flexibility of pep-
tides and proteins in order to control their folding and shape. Apart from the size of a
peptide or protein, reduction of the flexibility by disulfide bridgesis probably the most
well-known way to control shape. One of the most sophisticated ways is probably
“multiple-side chain knotting”, in which a number a side chains are tied together in
such a way that almost absolute control is gained over the shape of a molecule. Out-
standing examples in this respect are the glycopeptide antibiotics of which vanco-
mycin is an important representative.

As part of a program towards finding new and general approaches for covalent con-
trol of shape and folding in peptide and peptide-derived compounds we aim at
cyclizations without using the side chains of amino acids, the so-called amide to am-
ide cyclizations as well as cyclizations in which the amino acid side chains are in-
volved. Clearly, the former approach will allow the preservation of side chain
interactions if they are involved in the interaction of the biologically active conforma-
tion. It might be possible to probe the biologically active conformation or even create
alternative bio-active conformations. Both approaches are directed towards covalent
control of folding and shape and should therefore lead to an increased affinity and se-
lectivity by limiting the unfavorable entropy loss. The second approach is explicitly

| 16 h _
Boc\N)ﬁrN\.)Lo Mo, —__ > Boc—=N N\/lLO Meg,

H B 5 FC¥ oy T O

K o0 R Ch— R, 0 Ry

| PCy,

1 2.
RUR aft ﬁf\© Y
Bn i-Bu

Ry |H(Gly)  i-Bu(Leu) Bn(Phe)
Ry

H (Gly) /GD-GW @Leu @Phe

39% 35% 59%
i-Bu (Leu) @Gly @Leu
50% 53%
Bn (Phe) @-Gly @-Phe
51% 27%

Scheme 1. Ring closing metathesis of bis-(N-allyl)dipeptides [2].
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directed towards finding alternatives for lactam and disulfide bridges. For the realiza-
tion of both aims ring-closing metathesis (RCM) of peptides containing substituents
with double bonds was considered as a very attractive possibility.

Results and Discussion
In the first approach our recently developed method for site-specific alkylation of am-
ide nitrogens in peptides was used [1]. This enabled the introduction by Mitsunobu re-
action of e.g. allyl substituents. The preparation of bis-(N-allyl)dipeptides using
among others this method furnished the starting materials for RCM leading to
8-membered ring containing cyclic peptides (Scheme 1) [2]. The synthesis can be car-
ried out in an array-like format opening up possibilities for combinatorial approaches.
For the preparation of larger cyclized peptides a general solid phase procedure was
developed for preparation of the cyclization precursors [3]. Unfortunately, it was not
possible to apply RCM to his-(N-allyl)oligopeptides. Depending on the number of
amino acid residues and therefore the number of peptide amide bonds involved in the
cyclization reaction the substituents on the amide nitrogens had to be elongated for the
RCM to take place. This led to a set of rules which have to be taken into account when
bis-(N-alkenyl)oligopeptides are subjected to RCM (Figure 1) [4].

H)n

I
"n" is dependent on the number of amide bonds involved in the loop structure

G,
Vi [T SV
e} O

o -
\T]/HM\ /= *J.Ll/\/\[ e dINH
Involvoeme':l oftws amide bonds: (_ : A\—> o7 J\rf \(§ )Y \(§
INA > =

n =1, starting from bis N-allyl amide Y

Involvement of three amide bonds
n =3, starting from bis N-4-pentenyl amide:

n =2, starting from bis N-homo allyl
amides

Involvement of four five,.. amide bonds I

Fig. 1. “Rules’ for cyclization of bis-N-alkylated peptides by RCM [4].

Obeying these rules a “rolling loop scan” of Leu-enkephalin was carried out. All
possible loops of Leu-enkephalin were prepared by RCM of the appropriate
bis-(N-alkylated) amides (Figure 2) [3].

In the second approach, we want to use the ethene or ethylene (after reduction)
moiety as a replacement of the lactam, disulfide or even sulfide moiety. The latter is
present in nisin antibiotics. Therefore we recently synthesized a nisin AB mimic by
“tandem” ring-closing metathesis (Scheme 2). In this mimic the sulfide moieties are

Ala

/N
I I lle Leu
Fmocl\?-LvS'E —_ FmoclE‘- B Alg—Lys-lzJ — BocN— lle —AIa—A: A Allg— Al — Alg-Lys-(
o-Q — R Y, o-Q — R~/ R B
Pro—Gly PW—G'V

Scheme 2. Synthesis of the nisin AB mimic by tandem ring closing metathesis.
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replaced by ethene moieties. Furthermore, RCM is being extended to “double” RCM
for covalent control of shape by preparation of mimics of “multiple-side chain knot-
ted” peptide derived compounds of which vancomycin is an outstanding example.
This may lead to entirely new peptidic molecules, in this case vanco-mimics possibly
possessing cavity or shell-like structures, which might resemble the crucial parts of
the glycopeptide antibiotics.

HO~<J {
NH OH
HN N/\n’N\)LN'\n’ M J:EN\)LOH NO ‘?-
&/ @’ HN_ NH
RCM: 49%; step av: 86% RCM: 72%; step av: 87% O RCM: 46%; step av: 82%
H O -
)N/\n, NOH ((_\11\ ¢ ‘©2)J4
\ OH
\n,N\,(\ NHHN % O
RCM: 54%; step av: 82% RCM: 87%; step av: 83% RCM: 91%; step av: 83%
Q o ﬁ Fﬁ_{&w
H H —
/—4 HN N OH
O\?:N)\NN\)LN NjéN\__)LOR HZN\)"N’\T\ N\)lOH O@. o 0,8
0 o/ © \r ,©/ \r HN HN
HO' )’N"(
RCM: 98%; step av: 82% o’y ©
@D_« RCM: 77%; step av: 84% RCM: 41%; step av: 79%
H, N\)LN/\n,N\)L
0 o/ ©
HO' RCM: 48%; step av: 83%

Fig. 2. All possible loop-containing Leu-enkephalin derivatives obtained by RCM [3].
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Introduction

Since the discovery of the immunosuppresive activity of Cyclosporin A (CsA), con-
siderable work has been devoted to the chemical synthesis of analogues. More re-
cently, the finding of potential anti-HIV | activity of CsA evoked interest for the
design of more selective cyclosporins active against HIV | but devoid of
immunosuppresive activity. Based on previous observations that a N-methyl group at
residue 4 isinvolved in one of the main metabolic degradation pathways [1], the syn-
thesis of CsA analogues disposing various N-ethyl substituted residues at position 4
appeared particularly appealing for developing potential anti-HIV drugs [2]. Here we
present the synthesis of new NEtXaa*CsA derivatives and their biological activities.

Results and Discussion

Peptide 1 (Figure 1) was synthesized from CsA using described procedures [2]. The
reactive site of 1 was inverted to 2 by Boc-protection of the N-terminal group (step i)
and saponification at the C-terminus (ii). Subsequent activation (HATU) of 2 and cou-
pling to the C-protected N-ethyl amino acid [3] (iii), resulted after N- and C-terminal
deprotection (iv) in the linear precursor 3. Cyclization (1 h) applying TFFH as cou-
pling agent in the presence of a weak base (v) proceeded in good yields without ob-
servable epimerisation. Finally, methanolysis of the acetate protecting group (vi) gave
the corresponding CsA analogues 4a—g (Table 1) in overall yields of 15 to 46%.

In vitro activities of cyclosporin derivatives 4a—g were evaluated applying the IL-2
reporter gene assay (measuring immunosuppressive activity in detecting substances
interfering with 1L-2 gene activation along the T cell signalling pathway [4]) and the
binding affinity to CypA using the improved spectrophotometric assay described by
Kofron et al. [5]. The results (Table 1) indicate that the synthetic cyclosporin N-ethyl*
derivatives 4a—g show comparable binding affinities but strongly reduced
immunosuppresive activities compared to CsA. In particular, compound 4b, 4f and 4g

|:Sar3—OH
Val®—Boc

2

MeLeu'"—MeVal''-MeBmt(OAc)'—Abu—Sar*~OMe

MeLeu®—D-Ala®——Ala” MeLeu®—Vval®—H  i. Boc,O, DIEA, dioxane
; ii. LIOH, THF:H,0 4:1

iii. HATU, DIEA, HNEtX,,OtBu
iv. TFA:CH,CI, 1:5

MelLeu'0—MeVal''—MeBmt'—— Abu’—Sar®
Sar’*—EtX,,*—0H
EtXaa® [
MeLou'—D-Alaf—— Ala’ MeLeuS—Val® v. TFFH, sym.collidine, val®—H
CHgC'g
4 vi. MeONa, MeOH 3

Fig. 1. Reaction scheme for the synthesis of NEtXaa®-CsA.
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Table 1. Characterisation and biological activities of CsA analogues.

Product 4 Y(i)eld HPLC tg Mass miz CyP-A IL2-RGA
% min [M+H]* (theor.) 1Cg/ICys, CSA 1Cgy/ICsy CSA

() NEtLeu"CsA 32 25.8 1217.2 (1215.9) 12 16

(b) NEtVal“CsA 46 23.1 1203.3 (1201.8) 0.67 >1200

(c) NEtlle*CsA 30 25.1 1217.2 (1215.9) 0.83 ~300

(d) NEtPhe'CsA 33 238 1251.6 (1249.8) 1.30 28

(e) NEtCmp“CsA 15 225 1308.9 (1307.8) nd. >2500

(f) NEtCmp(Me)*CsA 17 29.1 1323.9 (1321.9) 0.6 >2500

(g) NEtPmp(Me)“CsA 31 232 1373.1 (1371.8) 0.37 >2500

Cmp: p-carboxymethyl-1-phenylalanine; Cmp(Me): p-carbomethoxymethylphenylalanine;
Pmp(Me),: 4-[(O,0'-dimethyl)phenylmethyl] phenylalanine.

may serve as lead for the design of non-immunosuppressive cyclosporins with poten-
tial anti-HIV activity.
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Introduction

Many enzymes require metal ions for substrate binding and product formation. In or-
der to study the complexation of transition metal ions and the possible catalytic activi-
ties of the formed complexes, we synthesized linear and cyclic pseudopeptides and
peptides with different sequences and sizes. We are interested in testing and improv-
ing the modeling program COSMOS™. Therefore, all synthesized structures are in ad-
vance conformationally designed for complexation of certain metals. Some metallo
enzymes contain two or more metal ions. Therefore an octapeptide with two different
chelating centers was designed for complexation of Ni** and Co**. We were interested
in developing a synthetic strategy for the assembly of homo and hetero dinuclear
metal complexes of this cyclic peptide. Complexation of metal ions and subsequent
polarization of the complex bound water are assumed to be prerequisites for catalytic
hydrolysis of carbonic or phosphoric acid esters.

Results and Discussion

The pseudotripeptide Bz-His-N(CH,-CH,-NH,)Gly-His-NH, (1), the pseudohexa-
peptide cyclo[His-Lys-N(CH,-CH,-NH,)Gly-BAla-N(CH,-CH,-NH,)Gly-Gly] (2) and
the cyclic octapeptide cyclo[Lys-Ala-His-Gly-Glu-Lys-Ala-Glu] (3) were assembled
on solid support. N-Aminoalkyl peptide bonds were synthesized on the resin according
to Zuckerman [3] or preformed in solution as dipeptide building units [4]. Cyclization
on the resin provided better yield and purity than in solution. The developed synthetic
strategy for the cyclic octapeptide 3 (Scheme 1) might allow the selective and consec-
utive deprotection of both chelating centers and by this way the formation of homo-
and heterodinuclear complexes. The linear pseudotripeptide 1 forms complexes with
Zn™, Cu™, Ni**, Co™ and Mn** as estimated by ESI-MS [1]. Semiquantitative esti-
mation of complex stabilities by ESI-MS gave the same rank order as more generally
reported by Irving and Williams for other chelate complexes of bivalent transition
metal ions [2]. The linear as well as the cyclic pseudohexapeptide 2 are able to form
complexes with certain bivalent transition metal ions, but the cyclic peptide forms
complexes more selectively and shows a stronger preference for Ni**. This finding
agrees well with the ion preference designed by the program COSMOS™ [5].
Complexation can be characterized quantitatively by potentiometric titration and by
CD-measurements. The different shapes of the CD curves depend significantly on the
metal ligand interaction. It could be shown that the affinity of ligand 1 to Zn**, Co**
and Cu** is much higher than to Ni**. Depending on the metal ions, the complexes hy-
drolyze p-nitrophenyl acetate, bis[p-nitrophenyl phosphate], and DNA. The found
“catalytic” activities can be correlated neither to complex formation tendency nor to
the acidity of the complex bound water. Some of our complexes are more active than
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the corresponding cyclen analogs [6]. Generally, the phosphate esters were hydrolyzed
with lower activity than carbonic acid esters.

2-Cl-trityl resin

|
Fmoc-Lys(Boc)-Ala-Glu(OBzl)-Lys(Z)-Ala-His(Trt)-Gly-Glu-ODmab
20% piperidine in DMF
3% hydrazine in DMF

2-Cl-trityl resin

|
H-Lys(Boc) -Ala-Glu(OBzl)-Lys(Z)-Ala-His(Trt)-Gly-Glu-OH

24h PyBop

v 2-Cl-trityl resin

[
—Lys(Boc) -Ala-Glu(OBzl)-Lys(Z)-Ala-His(Trt)-Gly-Glu 7

HFIP

v HCI/CH;COOH

|—Lys-Ala-Glu(Ole)-Lys(Z)-Ala-His-Gly-Glu-|

complexation
H,/Pd

|-Lys—A1a—Glu—Lys—Ala-His—Gly-Glu 1

Complexation
Lys-Ala-His-Gly

Glu-Ala-Lys-Glu

Scheme 1. Synthesis of a dinuclear cyclic octapeptide complex.
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Introduction

Cyclic RGD-containing peptides are selective antagonists of integrins, proteins that
play important roles in cell-cell and cell-matrix interactions. In a suitably labeled
form, these peptides may serve as useful tools for diagnostic imaging and peptide tar-
geted therapy of some types of cancer. Cyclo(-RGDfK-) developed by Kessler et al.
[1] isavery promising compound for this purpose, because it exhibits highly selective
and potent binding to a5 integrin receptors and at the same time contains a free
amino group, which can be employed safely for appending labels of various nature.
This cyclopeptide receives considerable attention, and several solid phase synthetic
schemes for its preparation have been developed very recently [2,3].

Results and Discussion

We have elaborated a liquid phase synthetic approach to cyclo-(-RGDfK-), to its
six-membered analog cyclo(-GRGDfK-), and to their conjugates with mercapto-
acetyl-triglycine (MAG3), a chelating arm capable of binding Re and Tc isotopes. Our
scheme is based on the use of H-Arg-Gly-Asp(OBzl)-OPsg, a tripeptide containing the
differentially protected C-terminal Asp residue as a common intermediate for prepar-
ing linear penta- and hexapeptide precursors by the elongation from the free
N-terminus. Orange colored a-[2-(4-phenylazo)benzylsulfonyl]ethyl (Pse) ester can
be selectively cleaved in the presence of 3-Bzl ester by 30% piperidine or 2 eq. DBU
in DMF [4], thus releasing an a-carboxy! group for subsequent cyclization.

The key tripeptide has been prepared by coupling H-Asp(OBzl)-OPse with
Boc-Arg-Gly-OH followed by removal of the Boc-group. Protected penta- and
hexapeptides have been synthesized by a step-wise method; selective removal of
Pse-group with DBU/DMF and subsequent elimination of Boc-protection have led to
linear precursors with free a-amino and carboxyl groups, H-D-Phe-
Lys(Z)-Arg-Gly-Asp(OBzl)-OH and H-D-Phe-Lys(Z)-Gly-Arg-Gly-Asp(OBzl)-OH.
The linear peptides have been cyclized with BOP/HOBL in diluted DMF solution, then
subjected to low pressure reversed-phase preparative chromatography, giving pro-
tected cyclic peptides in 70-80% isolated yields. Hydrogenolysis on Pd/C has led to
pure target cyclo(-RGDfK-) and cyclo(-GRGDfK-), which have been further coupled
with S-Trt-MAG3 hydroxysuccinimide ester through the only available e-amino group
of Lys residue. Cleavage of S-Trt group with TFA/triisopropylsilane provides the de-
sired peptide-chel ate conjugates in a stable water-soluble form suitable for immediate
isotope labeling (Figure 1). The developed synthetic scheme allows for the simple
preparation of gram amounts of pure cyclopeptides and conjugates. The evaluation of
the metal-loaded peptide-chelate conjugates in scintigraphic imaging is now in prog-
ress.

In conclusion, the designed tripeptide intermediate may be conveniently employed
for synthesizing not only the cyclopeptides described above but also a wide variety of
other cyclic RGD-peptides.
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Fig. 1. Structure of cyclo(-RGDfK-)-MAG3 conjugate.
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Introduction

Estrogen Receptor (ER), a member of the nuclear receptor superfamily, isinvolved in
various diseases, including breast cancer. A widely used estrogen antagonist,
tamoxifen, binds to ER in the steroid-binding pocket in place of estrogen. It induces a
conformational change within the receptor, such that coactivators can no longer bind
to ER, thereby potentially blocking transcription.

In contrast normal ligand binding causes a displacement of ER helix 12, exposing a
region on ER that can bind a consensus LXXLL pentapeptide sequence [1]. This mo-
tif, known as the NR box, is found on approximately 20 coactivators isolated to date
[2]. Following the discovery of the NR box, genetic experiments, phage display librar-
ies, and X-ray studies have revealed further insights into the mechanism of LXXLL
binding and suggest a new approach for drug design by targeting the coactivator/ER
interaction directly [3].

Results and Discussion

To mimic the coactivator structure, the NR box peptides have to be a-helical, and
short peptides generally are not. To increase their a-helicity, we considered using ei-
ther disulfide constraints [4] between the side chain of two cysteines at the i and i+3
positions, or lactam bridges [5] between i and i+4 residues. Next, molecular dynamics
was performed using MacroModel [6] version 7.0 on an SGI workstation in order to
evaluate the ability of the peptides to mimic the coactivator structure. The calculations
were carried out at 300 K, with the AMBER* Force Field and the GB/SA solvation
model. Each structure was superimposed with a truncated version of the coactivator
[7]. The best fit came from one of the disulfide bridged peptides.

The peptides that provided the more compelling computer fits were synthesized by
Boc-based solid phase synthesis, using Boc-D- and L-Cys(MeB) for the disulfide ana-
log. The peptide was deprotected and cleaved from the resin by HF and the ring
formed via DM SO oxidation in solution [8]. For the lactam bridge, the Lys(Fmoc) and
Asp(OFm) residues were removed by piperidine treatment, and side chain to side
chain cyclization was effected with BOP/HOBLt. Circular dichroism of the peptides
suggested a partial a-helical behavior for the disulfide derivativesin 7 and 20% TFE,
but none of the peptides appeared to be helical in water. Table 1 contains a partial list-
ing of constrained peptides prepared as novel ER antagonists. Using a time resolved
fluorescence competition assay vs a linear 14-mer [9], the cyclic peptides show a sig-
nificant improvement with 1Cy, values <50 nM over their linear counterparts.

This is the first step in the design of a class of drugs that would interfere with
ER/coactivator interactions, and that have potential applicationsin avariety of disease
states including breast cancer and prostate tumors.
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Table 1. LXXLL Analogs and 1Csj values in an ER, competition binding assay.

Structure 1Csp (UM) MW

H-Lys-Lys-lle-Leu-His-Arg-Leu-Leu-GIn-NH,, 0.30 1147.7
H-Leu-Glu-GIn-Leu-Leu-OH 499 614.3
H-Lys-His-Lys-lle-Leu-His-Arg-L eu-L eu-Gln-Asp-Ser-Ser-OH 0.41 1573.9
H-Lys-Glu-lle-Leu-Arg-Lys-Leu-Leu-GIn-NH, 0.38 1120.6

L CO-N HJ

H-Lys-D-Cys-lle-Leu-Cys-Arg-Leu-Leu-GIn-NH, 0.035 1085.9
S
Ac-Lys-D-Cys-lle-Leu-Cys-Arg-Leu-Leu-GIn-NH, 0.15 1127.9
S
H-Aib-Lys-D-Cys-lle-Leu-Cys-Arg-Leu-Leu-GIn-NH,, 0.32 1170.9
S
Guanidyl-Lys-D-Cys-lle-Leu-Cys-Arg-Leu-Leu-GIn-NH, 0.29 1183.9
S
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Introduction

A significant aspect of combinatorial chemistry is its ability to generate a peptide li-
brary for studying specific interactions such as antibody-antigen, enzyme-substrate/in-
hibitor as well as receptor-ligand. Generally, the diversity of a peptide library is
achieved by atering the building blocks of a parent peptide or template [1]. This
method aims at creating a collection of building-block-based diversity with the same
scaffold. However, methods to create collections of structure-based diversity with a
large number of different scaffolds remain a challenge. Cyclic peptides due to their
end-to-end constraints are increasingly used in drug discovery to achieve enhanced re-
ceptor-binding affinity and selectivity, improved bioavailability and metabolic stabil-
ity [2]. Here we report a strategy to increase a multi-level structure-based diversity of
cyclic peptide library by athioester cyclization method [3].

Results and Discussion

To demonstrate our strategy, a series of cyclic peptide libraries containing two
cysteines at different positions were designed based on a TNFa antagonist [4]. This
strategy can efficiently increase the diversity of the library in three levels (Figure 1).
The first-level library of end-to-end cyclic peptides with free thiol side chains can be
obtained by a previously described intramolecular thioester ligation of the linear pep-
tide precursors containing an N-terminal cysteine and a C-terminal thioester [3,5,6].
The second-level library of side-chain modified cyclic peptides is achieved directly by

1~ CO-NH-FEGD
Splitti-‘pogl
synthesis -]
e CKYSSRGICWXQZL-CO-s . CO-NH-EECA

Cyclization

PH7.6 PH7-8

Level 3

I X=Ser, Ala, Asp Il X=D-Ser, D-Ala, D-Asp
Z=Tyr, Pro, Phe Z=D-Tyr, D-Pro, D-Phe

Fig. 1. Design and synthesis of bicyclic peptide libraries.
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alkylation of the free thiols of the first- level library. The third-level library can be
achieved by the DM SO-mediated oxidation of free thiols of the first-level library to
form an intramolecular disulfide bond and a bicyclic structure.

By varying substitutions with three different amino acids in two positions (I: X =
Ser, Ala, Asp, Z = Tyr, Pro, Phe; Il: X = D-Ser, D-Ala, D-Asp, Z = D-Tyr, D-Pro,
D-Phe), the first-level library containing nine different end-to-end cyclic peptides was
obtained. Previously, we have optimized both off-resin and on-resin thioester cycliz-
ation to afford quantitatively monocyclic peptides. Further, we demonstrated that no
dimer or oligomer was observed [7]. Thus, the efficient thioester cyclization was used
for our on-resin synthesis of cyclic peptide library. The peptide synthesis was per-
formed by a split-pool method on PEGA resin using Boc/Bzl chemistry. After
deprotection of side chain with HF, the subsequent on-resin thioester cyclization was
carried out in a6 M guanidine-HCI solution buffered with 0.2 M Tris-HCI at pH 7.6.
The cyclic peptides were simultaneously cleaved from the resin and released into the
solution. Nine compounds of each library were identified by HPLC and MALDI-MS
after desalting the guanidine-HCI.

The second-level library of side-chain-modified peptides was obtained by thiol
alkylation of the first-level library. The modification of thiol groups of the first-level
library with CH3I was successfully obtained in high yield based on the thioalkylation
of single peptides performed in a 6 M guanidine-HCI solution at pH 7 to 8. Similar
condition was then used for the thioalkylation of a library using CH5l, ICH,CO,H,
ICH,CONH, and ICH,CN as alkylation agents, respectively. The side-chain modified
library was characterized by HPLC and MALDI-MS.

The third-level library of bicyclic peptides was obtained by oxidation of the thiol
groups of the first-level library. The oxidation was carried out in 20% DM SO agueous
buffers at pH 5 to 6 [7]. The intramolecular disulfide bond in each bicyclic peptide
provides an additional conformational constraint. Furthermore, altering the positions
of the disulfide bonds resulted in various shaped bicyclic peptides.

In conclusion, a strategy that efficiently increases the diversity of cyclic peptide li-
braries in multiple levels has been developed based on the synthetic efficiency of the
thioester cyclization, alkylation and oxidation to generate three levels of cyclic pep-
tides with high chemoselective control. The structure-based cyclic peptide library is
useful to explore the structure-activity relationship in drug discovery. Moreover, this
methodology developed for the shaped bicyclic peptide libraries with different spatial
structures can be used directly for screening by various bioassays to distinguish differ-
ent receptor binding affinity and selectivity.

Acknowledgments
This work was supported in part by U.S. Public Health Service Grants CA36544 and
Al46164.

References

. Lam, K.S., Lebl, M., Krchnak, V. Chem. Rev. 97, 411-448 (1997).

. Shan, D., Nicolaou, M.G., Borchardt, R.T., Wang, B. J. Pharm. Sci. 86, 765-768 (1997).

. Zhang, L.S., Tam, J.P. J. Am. Chem. Soc. 119, 2363-2370 (1997).

. Takasaki, W., Kajino, Y., Kajino, K., Murali, R., Greene, M.I. Nat. Biotechnol. 15,
12661270 (1997).

. Tam, J.P., Lu, Y.-A. Protein Sci. 7, 1583-1592 (1998).

. Zhang, L.S, Tam, J.P. J. Am. Chem. Soc. 121, 3311-3320 (1999).

7. Sun, Y., Lu, G.S., Tam, J.P. Org. Lett. 3, 1681-1684 (2001).

S I NS I

AN

139



Peptides: The Wave of the Future
Michal Lebl and Richard A. Houghten (Editors)
American Peptide Society, 2001

Strategies for the Synthesis of Cyclic Peptides

Ashok Khatri!, Nicholas P. Ambulos?, Steven A. Kates?,
Katalin F. Medzihradszky*, George Osapay’, Henriette Remmer¢
and Arpad Somogyi’

IMassachusetts General Hospital, Boston, MA 02114, USA
2University of Maryland at Baltimore, Baltimore, MD 21201, USA
3Consensus Phar maceuticals, Inc., Medford, MA 02155, USA
4University of California, San Francisco, CA 94143, USA
SUniversity of California, Irvine, CA 92697, USA
SUniversity of Illinois, Urbana, IL 61801, USA
"University of Arizona, Tucson, AZ 85721, USA

Introduction
The Peptide Synthesis Research Group (PSRG) of the Association of Biomolecular
Research Facilities (ABRF) conducts annual studies to help member |aboratories eval-
uate their synthesis abilities as well as introduce new methods. This year’s study fo-
cuses on the construction of a “head-to-tail” cyclic peptide in which an amide bond is
formed between the amino and carboxyl termini of alinear precursor. Cyclic peptides
may exhibit improved metabolic stability, increased potency, better receptor selectiv-
ity and more controlled bioavailability as a variety of biological studies have sug-
gested.

In an effort to introduce member laboratories to this technique, the PSRG prepared
and characterized a peptide sequence derived from the autophosphorylation site of the
tyrosine kinase, pp®csc [1]:

cyclo(Tyr-Glu-Ala-Ala-Arg-DPhe-Pro-Glu-Asp-Asn)

cyclo(Y EAARfPEDN) may be prepared completely via solid-phase techniques [2] by
the following protocol: a) side-chain anchoring of a trifunctional residue
[Glu,Asp,Asn] to a solid support in which the a-carboxylic acid incorporates an or-
thogonal semi-permanent protecting group [allyl,Dmabl]; b) standard chain elongation;
c) a-carboxylic acid protecting group removal at the C-terminus; d) N®-protecting
group removal; €) cyclization; f) cleavage. Member laboratories were requested to as-
semble this peptide by a method of their choice and submit the crude product without
purification.

In order to obtain the peptide standard, the PSRG synthesized the model peptide
commencing with side-chain anchoring Fmoc-Asp(OH)-ODmab [3] to Fmoc-PAL-PEG-PS
resin. After linear assembly of the sequence and N®-Fmoc deprotection, the removal of
Dmab protecting group was accomplished by hydrazine-DMF (1 : 49, v/v) treatment for
5 min. Complete on resin cyclization was achieved with two consecutive treatments
with PyBOP/HOBU/DIEA (1:1: 2, 5 equiv.) in DMF for 6 and 18 h and HATU/HOAL/
DIEA (1:1: 15, 4 equiv.) in DMF for additional 24 h as judged by ninhydrin test.
Release of the product from the solid support with concomitant side-chain protecting
group removal was accomplished with TFA—H,0 (9.5 : 0.5) for 2 h at 25 °C followed
by precipitation with tert-butyl methyl ether.
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Results and Discussion

The member laboratories submitted sixteen samples. The PSRG evaluated each sam-
ple by amino acid analysis, capillary electrophoresis, RP-HPLC, MALDI-TOF/MS,
and ESI/MS, as described previously [4]. Below is a summary of the results.

1. Most samples contained the desired product. One participant modified the se-
quence intentionally and substituted Asn'® with Gin.

2. The purity range was 6-98% and 9-93% by HPLC and capillary electrophoresis
analysis, respectively.

3. The peptide content by amino acid analysis varied between 60-94%.

4. The method used by eleven laboratories was similar to that described by the
PSRG. Three of these samples contained less than 25% of the desired peptide.

5. Two laboratories used a strategy of side-chain anchoring Fmoc-Asp(OH)-OAI to
PAL-PEG-PS resin as the initial support. The quality of these peptides was excellent.

6. One laboratory used a Boc/Bzl/Fm strategy and prepared the peptide in high pu-
rity.

7. Cyclization times were between 2—48 h.

8. A variety of coupling reagents was used for ring closure. Many of the laborato-
ries that incorporated uronium-based coupling reagents (HATU, HBTU, TBTU) par-
tially capped the amino terminus to form the tetramethylguanidine derivative [5].

9. Side products associated with removal of the Dmab group were observed. Elimi-
nation of the 4,4-dimethyl-2,6-dioxocyclohexylidene moiety occurred during the con-
struction of the peptide to afford the 4-aminobenzyl ester of the C-terminal amino
acid. The amino function was further converted to the corresponding tetramethyl-
guanidine derivative upon exposure to uronium-based coupling reagents. Low energy
CID analysis of these peptides clearly established where the modifications occurred,
while the high accuracy mass measurements unambiguously confirmed the structures
of these modifications [Medzihradszky, K.F., et al. manuscript submitted to Lett.
Peptide <ci.].

General conclusions. (1) The participants synthesized the correct peptide albeit in a
wide range of purity. Most of the laboratories selected a Fmoc/tBu/Dmab protecting
group scheme; two participants incorporated a Fmoc/tBu/Allyl. Only one member used
aBoc/Bzl/Fm strategy (HF final cleavage). (2) Phosphonium reagents (PyAOP, PyBOP,
BOP) proved high efficiency in slow coupling reactions. (3) High resolution ESI/IMSMS
was an extremely useful tool for the identification of novel side products in the sub-
mitted peptides.
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Introduction

We have an interest in developing alternative methods for cyclization of peptides. The
use of aldehyde precursors as building blocks for the synthesis of bicyclic Ang Il ana-
logues was previously reported by us [1,2]. We herein present the aldehyde precursor
1 and its use in a novel cyclization method, creating the vinyl sulfide bridged Ang |1
analogues 3 and 4 (Figure 1).

OtBu

o]
Fmoc-|
moc-NH \)L OH
— e e
—
o —>  Asp(OtBu)-Arg(Pmc)” N \/u\ N N \)L His(Td)-Pro-Pha—O

/ AN (6}
/O 1 s
Trt
(o]
2 /7o
/
TFAH,0
OH OH
0] o] (0] o]
H H H H
Asp-Arg” N \/U\H N \)L His-Pro-Phe Asp-Arg” N \)J\H N \)L His-Pro-Phe

Fig. 1. A novel cyclization method, creating the vinyl sulfide bridged Ang Il analogues 3 and 4.

Results and Discussion
The aldehyde precursor 1 was synthesized from 2-aminoadipic acid (Aad) and incor-
porated into precursor peptide 2 by standard solid phase peptide synthesis using
Fmoc/tert-butyl protection. Cyclization of 2 was achieved by treatment with 95%
TFA. Thecis- (3) and trans- (4) analogues were formed in aratio of 4 : 6 and in atotal
yield of 15%.

Ang Il analogues 3 and 4 were both found to bind with high affinities to the AT1-
receptor (Table 1).
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Table 1. In vitro AT;-receptor binding affinities (rat liver membranes). c[Hey®d)Ang 11 [3]
was used as reference substance.

Compound K; (hM) + SEM
Ang Il 0.31+0.08
c[Hey>%]Ang 11 0.23+0.14
3 1.7+ 0.26
4 1.7+£0.32

Conformational analysis showed that Ang Il analogues 3 and 4 both possess low
energy conformers compatible with suggested 3D models of Ang Il in its bioactive
conformation [4].
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Introduction
Although dynorphin A (Dyn A) is thought to be an endogenous ligand for kappa
opioid receptors, it also exhibits high affinity for mu and delta opioid receptors [1].
The flexibility of Dyn A may be responsible for its lack of selectivity. A large number
of side chain-to-side chain cyclic analogs of Dyn A have been synthesized in order to
reduce its flexibility and increase its affinity and selectivity for k receptors [see ref. 2
for areview]. Tyr! is one of the key pharmacophoric groupsin Dyn A [3], but none of
the cyclic analogs of Dyn A synthesized to date restrict the conformation of this im-
portant residue. Here we describe the synthesis of novel head-to-side chain cyclic
analogs of Dyn A that constrain this important residue and retain a basic N-terminal
amine (Figure 1).

The strategy described here provides a general methodology to synthesize novel
head-to-side chain cyclic peptides.

NH-Tyr-Gly-Gly-Phe-Lys-Arg-Arg-lle-Arg-Pro-Lys-NH,

CHZ—C(O)—NHQ cyclo[COCH,Tyr",Lys’|Dyn A (1-11)NH,

Fig. 1. A head-to-side chain cyclic analog of Dyn A.

Results and Discussion
The peptide chain was assembled on a PAL-PEG-PS resin using Fmoc-protected
amino acids. In the initial attempted syntheses of the novel cyclic peptide, the full-
length protected linear peptide was assembled on the resin. Two variations of this syn-
thetic strategy were evaluated. In the first approach, the side chain protecting group
was first removed from Lys® and bromoacetic acid was coupled to the free N&-amine.
The next step involved deprotection of the N-terminal Fmoc group, followed by intra-
molecular alkylation of the N-terminal amine by the bromoacetyl group to yield the
desired cyclic peptide. However, the deprotection of the N-terminal Fmoc group re-
sulting in nucleophilic displacement of the bromine, yielding a piperidine derivative.
Alternatively, the N-terminal amine could be deprotected first, followed by alkylation
with bromoacetic acid. Subsequent deprotection of the side chain protecting group of
Lys® yielded a free amine, and on resin cyclization was performed in an attempt to ob-
tain the desired cyclic peptide. HPLC and MS analysis of final product, however,
showed the presence of multiple peaks including the desired monosubstituted peptide,
plus the dialkylated peptide and a cyclic imide side product. These side products pre-
sumably were formed during alkylation of the N-terminal amine by bromoacetic acid.
The successful strategy involved the synthesis of the protected linear peptide up
through Gly? and functionalization through the N&-amine of lysine (Scheme 1). Fol-
lowing deprotection of the lysine side chain protecting group (Mtt), neutraliza-tion
with DIEA resulted in premature loss of the N-terminal Fmoc group, presumably due
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to deprotection of the Fmoc group by the resulting deprotonated amine. This side reac-
tion is very rapid, with 50% loss within 10 min of neutralization and complete loss of
the Fmoc group on longer exposure. This s the first report of this side reaction during
the selective deprotection of the Mtt protecting group. This side reaction can be very
serious when selective deprotection of the N&-amine protecting group of lysine is re-
quired in the presence of an N®-Fmoc group. To avoid this side reaction the base wash
following Mtt deprotection was eliminated and in situ neutralization [4] was per-
formed during the coupling of bromoacetic acid to the Né-amine of lysine. The next
step in the synthesis involved nucleophilic substitution of bromine by the free
N?%-amine of tyrosine. Subsequent Fmoc deprotection and on resin cyclization resulted
in the desired cyclic peptide in high purity (>85% for the crude peptide). This scheme
has been successfully utilized to synthesize various head-to-side chain analogs of Dyn A.

wQ
DIC/HOBt l Fmoc-amino acids
Fm°C'G'Y'G'Y'Phe-LYS(MﬁH\rg(F’bf)-Arg(be)-IIe-Arg(be)»Pro~Lys(Boc)—--@

DIEA in DMF 3%TFA/5%TIS in DCM

' \
HzN-Gly-Gly-Phe-Lyf-m---Q Fmoc-GIy-Gly-Phe-L)Is——---—--Q
NH, NH,

Undesired
ndesire: 2) BrCH,COOH/DIC/DIEA

Fmoc-Gly-Gly-Phe-L s—---~--Q
Br-CH,-CONH
HoN-Tyr(OtBu)-OH/DIEA

Fmoc-Gly-Gly-Phe-Ly; —--._-@
HO-Tyr(OtBu)-NH-CH,-CONH
1) Fmoc Deprotection
2) PyBOP/HOBYDIEA

r]IH-Tyr(OtBu)-GIy-GIy-Phe-Lyr—————«Q
CH,-C(O)-NH

Desired peptide

Scheme 1. Successful strategy for the synthesis of head-to-side chain cyclic Dyn A analogs.

The scheme described above can be used generally for the synthesis of a new class
of head-to-side chain cyclic peptides that retain the basicity of the N-terminus.
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Study on the Influence of Different Metal 1ons on Cyclization
of Linear Pentapeptides and Heptapeptide

Yun-hua Ye!, Mian Liu!, Yan-chun Tang' and Xiao-hui Jiang?
1Department of Chemistry, Peking University, Beijing, 100871, China
2Molecular Smulation Inc., San Diego, CA 92121, USA

Introduction
A cyclopentapeptide, c(Gly-Pro-Tyr-Leu-Ala) (1) and a cycloheptapeptide c(Gly-Tyr-
Gly-Gly-Pro-Phe-Pro) (I1) were isolated and identified from a Chinese herb, Sellaria
yunnanensis Franch (M). These two cyclic peptides have been synthesized success-
fully by an organophosphorus reagent, 3-(diethoxyphosphoryloxy)-1,2,3-benzotriazin-
4(3H)-one (DEPBT) [1-3]. In order to improve yields of the cyclization, they were
chosen as model cyclopeptides to study the influences of different metal ions on the
ring closure. Three of their linear peptide precursors, H-Tyr-Leu-Ala-Gly-Pro-OH
(1-1), H-Ala-Gly-Pro-Tyr-Leu-OH (1-2) and H-Gly-Tyr-Gly-Gly-Pro-Phe-Pro-OH
(1'1-1) were selected for cyclization. Preliminary study of the molecular modeling was
discussed.

-1, 1-2 and I1-1 were cyclized in DMF using DEPBT as the coupling reagent.
The concentration of -1 and -2 was 1 mM and 11-1 was 2 mM. Two groups of nine
(Li*, Na*, K*, Cs*, Mg?*, Ca?*, Ba?*, Zn?*, Cr®*) and eleven (Li*, Na*, K*, Cs*, Mg?*,
Ca?*, Ba?*, Zn?*, Fe?*, Ni%*, Cr3*) metal ions were used to study the cyclization of the
linear pentapeptides and linear heptapeptide respectively. All the cyclization reactions
were monitored by HPLC.

Results and Discussion

The results of our experiments are shown in Table 1 and Table 2. It is shown that all
univalent metal ions can enhance not only the cyclization yields, but also the
cyclization rates. The cyclization yields of I-1 and -2 were increased from 22 to 39%
and 67 to 80%, respectively, in the presence of Na*, and yield of |1-1 was increased

Table 1. Cyclization yields (%) of 1-1 and I-2 induced by different metal ions.

Reaction time (h)

Metal ions

2 4 24
Li* 7.8 16.7 37
Na" 9.6 19.7 39(80)2
K* 12 19 38 (69)2
Cs* 12.1 20.7 36 (68.6)%
Mgt 6 8.3 22.4
ca* 8.8 14.2 26.7
Ba®* 9.8 10.5 31.2
Zn2+ _ _ _
cr¥t - - -
none 5.4 8.6 22 (66.8)2
a Cyclization yields of 1-2; “—" cyclopentapeptide (I) was not found.
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Table 2. Cyclization yields (%) of 11-1 induced by different metal ions.

Reaction time (h)

Metal ions

1 3 5 24
Li* 21.0 38.7 51.7 68.1
Na* 36.4 56.8 57.6 71.3
K* 34.4 55.1 66.2 70.7
cs' 38.8 65.5 72.8 71.7
Mg?* 21 10.4 115 29.0
cat 5.9 12.4 211 40.6
Ba* 21.8 375 50.7 63.7
zZn?* - - 17 41
NiZ* - 2.0 2.4 118
Fe?t - - - -
cré* - - - -
none 19.6 383 486 60.0

“—" Cycloheptapeptide (1) was not found.

from 60 to 78% by Cs*. The metal ions may act as a promoter to coordinate with the
linear peptides during cyclization. Influences of different concentration of Na* and
Cs" were also studied. Five equivalents of Na" or Cs™ were required for the optimum
yield.

Molecular modeling studies were carried out to estimate the ring size of the cy-
clic penta- and heptapeptides. The backbone of the cyclopentapeptide is a circle with a
diameter of 6.0 + 0.5 A (standard deviation) while the cyclic heptapeptide is a rectan-
gle or ellipse with the dimensions of 6.3 + 0.5 A and 9.0 + 0.3 A. The diameter of Na*
is1.96 A while the diameter of Cs* is3.30 A. The results are consistent with the above
coordination hypothesis.
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Disulfide Bond Formation of a Hydrophaobic Peptide
by Dimethyl Sulfoxide

Jingming Zhang and Lili Guo
Department of Biochemistry and Molecular Biology, Indiana University School of Medicine,
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Introduction

Although air oxidation in agueous medium is the most common method for the forma-
tion of disulfide bonds, the formation of disulfide bonds of hydrophobic peptides is
limited by poor solubility. Addition of dimethyl sulfoxide (DM SO) has been success-
ful for promoting oxidation of free thiols to disulfides in several cases [1-3]. Because
DMSO is miscible with water, up to 20% DMSO in water solution has been used to
complete the formation of the disulfide bond over an extended pH range (pH 3-8). In
our synthesis of the following peptide, the disulfide bond was readily formed by ex-
tension of the DM SO mediated oxidation method.

Ac-CAVYMSPFAC-NH,

Results and Discussion

The peptide was synthesized on an ABI 431 peptide synthesizer using Fmoc/OtBu
chemistry and Fmoc-Amide-Resin. The 42 mg of crude peptide was dissolved in 80%
DMSO solution containing 0.1 M NH,OAc pH 7.0 up to 1 mg/ml. The peptide didn’t
dissolve in alower DM SO concentration. The disulfide formation was finished in six
hours as monitored by HPLC and the Ellman test. The ESI-MS of the sample before
and after oxidation is shown in Figure 1. The reaction mixture was directly loaded
onto a preparative C18 RP-HPLC column (Vydac 218TP101550 5 x 25 cm). Because
the high concentration of DM SO would cause the peptide to be eluted with the solvent
front, the lower amount B solution (5% B, B is 70% CH;CN in H,O containing 0.09%
TFA) and lower flow rate (10 ml/ml) was used to load the reaction mixture to the col-
umn. 27 mg of purified peptide (60% yield) was characterized by ESI-MS. Thereisno
evidence of the oxidation of the methionine residue. For comparison, air oxidation of
the peptide in 0.01 M PB, pH 8 with 80% MeOH as co-solvent had several disadvan-
tages of a) long duration (72 h), b) evaporation of the solvent during the long process,
c) poor yield (42%).
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Fig. 1. ES-MS of the crude peptide before (previous page) and after (this page) the DMSO me-
diated oxidation.

In summary, a very hydrophobic peptide was converted to the disulfide in 80%
DM SO solution.
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Stereoselective Synthesis of Transition State Analog Inhibitors
of DPP-1V Using 2-Substituted Thiazoles

J. Piron and D. Tourwé
Vrije Universiteit Brussel, Department of Organic Chemistry, B-1050 Brussels, Belgium

Introduction

Dipeptidylpeptidase 1V or DPP-IV belongs to the class of serine proteases and cata-
lyzes the cleavage of dipeptides at the amino terminus of peptides. Natural substrates
of DPP-IV are peptides such as substance P, [3-casomorphin, monomeric fibrin,
pro-melittin and hGHRH. Two high affinity inhibitors for DPP-1V are the tripeptides
Diprotin A (lle-Pro-lle) and Diprotin B (Val-Pro-Leu) [1]. The most effective is
Diprotin A with an 1Cs, value in the pM range, but it suffers from rapid enzymatic
degradation. In order to prepare more stable analogues and to test the influence on the
inhibitory properties, we used a convergent synthetic method to prepare several
Pro-lle isosteres (Figure 1).

P
Reduced Amide : (CH,-NH)

H—Ile—@ NHS :> < Hydroxyethylamine, HEA : (CHOH-CH,-NH)
H g H COOH

Hydroxymethylamide, HMA : (CHOH-CO-NH)
-

Fig. 1. Isosteric replacements in Diprotin A.

Results and Discussion

Building block synthesis. Boc-L-Pro-aldehyde was prepared by reduction of the
hydroxamate [2]. During the thiazole group addition a second stereocenter is formed
according to the Felkin—Ahn non-chelate model for asymmetric induction. This deliv-
ers the thiazole adducts in an 85 : 15 (SS) : (SR) ratio. The (SS)-adduct is obtained
pure by crystallization in hexanes. The (SR)-adduct is obtained pure after silica gel
column chromatography performed on the mother liquor. The thiazole group is subse-
guently unmasked to the aldehyde on both epimers separately following a three step
procedure developed by Dondoni et al. [3] (Figure 2).

For the synthesis of the a-hydroxyacid, a TBDMS hydroxyl protecting group was
used, since the free alcohol interfered during the oxidation process to the acid which
led to cleavage of the molecule between the aldehyde and the alcohol. The thiazole

( Z a,b ( Z N—\> c,d,e,f ( Z 0
Boe=N=% cH  —  Boc-N=t QH{S — Boc H(;i
H H

O /g_\> H§ H§
Me;Si 7 (5.5):(S,R) 85:15 95 % (S.S):95 %
(SR) : 94 %

Fig. 2. Synthesis of key structures for HEA-isostere; a) CH,Cl,, r.t., 17 h; b) TBAF; c) crystalli-
zation: 71%, mother liquor (20% (S,S), 80% (SR)) separated on silica; d) CH-triflate, CH5CN,
15 min, r.t.; €) NaBH,, CH3OH; f) Hg,Cl,, CH3CN/H,O (4/1).
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was unmasked as before, although the extra steric hindrance resulted in lower yields
especially for the (SR) adduct. The (S,S)-hydroxy acid was obtained after KMnO, oxi-
dation of the aldehyde and subsequent cleavage of the TBDMS group (Figure 3).

N a N b,C,d 0
Boc—@gg{} — Boc—Nl; QH{_\> — Boc—ND—CH(f}"

H dTBDMS H &TBDMS
(S.S) or (S,R) (S.5) 190 % (5.8) : 66 %
(S,R) : 48 % (SR):9 %
f
Boc—Nlﬁ g:HCOOH<— Boc—Nlﬁ CHCOOH
(55 :74% " (5,5):96 % O BPMS

Fig. 3. Synthesis of the key structure for the HMA-isostere; a) TBDMS-CI, imidazole, 3 days, 35 °C;
b) CHa-triflate, CH5CN, 15 min, r.t,; ¢) NaBH,, CH30H, 30 min, r.t.; d) Hg,Cl,, CH3CN/H,0
(4/1), 15 min, r.t.; €) KMnOy,, overnight, r.t., pH 7; f) TBAF, 48 h, r.t.

Peptide synthesis: The peptides Ile-ProWlle were synthesized on solid phase using a
Merrifield resin. Coupling was performed with 2 eg. of DIC and 2 eq. of HOBt as cou-
pling reagents and 2 eq. of protected amino acid for 3 up to 16 h depending on the
completion of the reaction. For the (S,9)-hydroxy acid coupling BOP was used as a
coupling reagent followed by HATU, but a complete coupling was never observed.
Reductive amination was performed with 2.5 eq. excess of the aldehydes and 2.5 eq.
excess of NaCNBH; [4]. Reaction took place overnight.

The resulting pseudotripeptides have been tested as competitive inhibitors of
DPP-1V. None of the new analogs shows a higher potency than Diprotin A (Table 1).

Table 1. Yields and hiological results.

Pseudotripeptide: |le-ProWlle Yield (%) 1Csp (MM)
Boc-L-prolinal O reduced amide 55 >5
Boc-(S,S)-Pro-a-hydroxyaldehyde 0 (R)-HEA-isostere 63 1.2
Boc-(S,R)-Pro-a-hydroxyaldehyde 0 (S)-HEA-isostere 46 0.85
Boc-(S,9)-Pro-a-hydroxyacid [0 (S)-HMA-isostere 14 51
Diprotin A: H-lle-Pro-lle-OH ND 0.033
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Original and General Strategy of Dimerization of Bioactive
Molecules
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Introduction

Dimerization of an active compound often results in enhanced binding and improved
pharmacological properties. This potency is attributed to a higher concentration of
pharmacophores in the proximity of recognition sites. This bivalent ligand approach is
generally presumed to use a symmetrical bifunctional linker X to anchor two sub-
strates P, giving rise to the general structure P—X—P [1].

Diketopiperazines (2,5-piperazinediones, DKPs), which are the smallest cyclic pep-
tides, are common motifs in several natural products with therapeutic properties [2-5].
Furthermore, DKPs have been shown to be useful scaffolds for the rational design of
several drugs [6]. Whereas the intramolecul ar diketopiperazine cyclization iswell doc-
umented as a side reaction in peptide synthesis [7,8], the intermolecular formation has
not yet been explored.

In this study, we show that it is possible to build a different dimeric structure, in-
volving a Gly-Gly diketopiperazine scaffold, by activating the C-terminal glycine
monomer [9] (Scheme 1).

OH Pharmacophore< 0]
2 Pharmacophore—N/ﬁ( Activating reagent NH/Y
H —_—

0 O-Act
Act-O

)\/N"k
(¢] Pharmacophore
Pharmacophore\N/\T/O /

O)\/

N\
Pharmacophore

Scheme 1. General strategy of dimerization.

Results and Discussion

Our strategy started by introducing a C-terminal glycine moiety on a pharmacophore,
followed by an activation step to provide the diketopiperazine bearing the two sub-
strates. We studied the activation step on a dipeptide (Boc-Leu-Gly-OH). Several acti-
vating reagents (BOP, HBTU, DCC...) were used and all produced high yields of
diketopiperazine when combined with DMAP. The couple DCC/DMAP, which pres-
ents a good stability in basic pH solution (required for the cyclisation step), gave good
results despite the well-known problem of N-acylurea formation. Indeed, it was possi-
ble to limit formation of this side product by using a high concentration of the starting
monomer.

In these reaction conditions, various dipeptides were dimerized in high yields (82 to
99%). However, epimerization of the carbon in the alpha position involved in diketo-
piperazine formation was observed when the C-terminal Gly was replaced by chiral
amino acids.
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In the first application, we synthesized several N-terminal (Scheme 3) and
C-terminal (Scheme 2) cholecystokinin tetrapeptide (CCK-4) dimers. In the case of
the N-terminal dimer, the Gly moiety was introduced via a Williamson reaction of the
N-terminal peptide on the t-butylbromoacetate, and the tert-butyl group was cleaved
by acid treatment.

—_—
HzN/\[rO—‘ ———> , AcTipLeuAsp(OtBu) Phe—NH/\[rO

leng thening

1)DCC, DMAP i
Ac-Trp-Leu-Asp-Phe.NzYo

2) deprotection

15 <« Ac-Trp-Leu-Asp(OtBu)-Phe- NH/\"—OH
(¢) "Phe-Asp-Leu-Trp-Ac

Scheme 2. C-terminal dimerization of CCK-4.

Br-CH,-CO,tBu N\
NH2-Trp(Boc)-Leu-Asp(OcHx)-Leu-Phe-NH2 T> tBuO,C”  NH,-Trp(Boc)-Leu-Asp(OcHx)-Leu-Phe-NH,
3
93%

TFA, anisol
O, /Trp-Leu-Asp-Leu-Phe-NH2 » 8nisol el
Y\ N
HoN-Phe-Leu-Asp-LeuTrp” N\/KO 1) DCC/DMAP, DIEA HOZC/\NHZ-Trp-Leu-Asp(OcHx)-Leu-Phe—N Hy
,N-Phe-Leu-Asp-Leu- -
2) NaOH 2N >98%

Br-CH,-CO,tBu

NH-Trp(Boc)-Leu-Asp(OcHx)-Leu-Phe-NH; ———— > g,0,C NH,-Trp(Boc)-Leu-Asp(OcHx)-Leu-Phe-NH,

Et;N
’ 93%
_Trp-Leu-Asp-Leu-Phe-NH, TFA, anlsolel
1 N\
/N\/k 4—1) DCC/DMAP, DIEA HO,C™  NH,-Trp-Leu-Asp(OcHx)-Leu-Phe-NH,
H,N-Phe-Leu-Asp-Leu-Trp o)
2)NaOH 2N >98%

Scheme 3. N-terminal dimerization of CCK-4.

To illustrate this straightforward strategy of dimerization with an example of an ac-
tive organic molecule, we dimerized serotonin through its hydroxyl group (Scheme 4).

In a second part, exploratory experiments were conducted to use c(Gly-Gly)
diketopiperazine as a bifunctional synthon in combinatorial chemistry. The idea was
to acylate diketopiperazine using haloacetyl halides and subsequently displace the
halogen substituent in the derived intermediate by nucleophiles. However, the imide
bond to the DKP proved to be too labile. This situation was overcome by reacting
DKP with acryloyl chloride followed by Michael addition of nucleophiles. At present,

BocNH "o _Br-CHz-COOMe_ BocNH ON_~-COMe \/ﬁ\
C52C03 DMF 1) 1N NaOH /MeOH  BocNH /Y
40C, 4h

2) NH2-CH2-CO2Me
BOP, DIEA

1N NaOH/MeOH

\/ﬁ\ 1) DCC, DMAP, DCM, rt, 96h
N\[(\ 2)TFA anisole Bmm/m /Y

61

Scheme 4. Dimerization of serotonin.
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this strategy has been validated only for the reaction with benzylamine as the
nucleophile.

Conclusion

In this study we have described a new method for the dimerization of various active
molecules using a diketopiperazine scaffold, resulting from an additional glycine moiety.
This strategy does not need a bifunctional linker and the reaction is easy to carry out.
It is worth pointing out that this dimerization reaction can be a side reaction during ac-
tivation of peptides on their C-terminal in peptide synthesis. The developement of this
innovative concept as a means to generate dimers of bioactive molecules can, in prin-
ciple, be exploited in a combinatorial approach to the creation of compound libraries.
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An Efficient Approach for the Synthesis of Salmon Calcitonin
Using Oxazolidine Dipeptides

Weonu Chweh, Hyun Jin Lee, Young-Deug Kim, Sang Sun Lee
and Hack-Joo Kim
A&PEP Inc., 213, Sosabon-1-Dong, Bucheon, 422-231, Korea

Introduction

Salmon calcitonin (sCT) is a calcium regulating hormone, inhibiting bone resorption
of Ca?* with accompanying hypocalcemia and hypophosphatemia and decreased uri-
nary Ca?* concentrations. Although many ways to synthesize sCT have been reported,
efficient syntheses of sCT is still an attractive goal for chemists. In an attempt to syn-
thesize sCT, we selected a full protecting strategy using 2-(4-nitrophenyl)sulfonyl-
ethoxycarbonyl (Nsc)/t-Bu without any breakage on solid support [1]. To improve
purity and yield, Nsc-protected oxazolidine dipeptides were inserted in appropriate
sites of sSCT. We expected sCT having 5 threonines, 3 serines, and 2 cysteines would
be a good model to investigate W-proline effect. Incorporation of W-proline residues
into difficult sequence peptides was reported to improve assembling yields and syn-
thetic purities [2]. In this report, we illustrate a synthetic method of Nsc-protected
oxazolidine dipeptides, its insertion effect on the assembling sCT, and the structural
influence of N-terminal cysteine in oxidation reaction.

Results and Discussion
Nsc-protected oxazolidine dipeptide 4, Nsc-Leu-Ser(WMeMePro)-OH was synthesized
as shown in Figure 1. Nsc-Leu-OH 1 was activated via pfp esters, then L-Ser was
added in basic aqueous MeCN and yielded Nsc-Leu-Ser-OH 3. While refluxing 3 in
THF with 2,2-dimethoxypropane and pyridinium 4-toluenesulfonate, serine of dipep-
tide 3 was cyclized to Nsc-protected oxazolidine dipeptide 4.

Salmon calcitonin is a single chain C-terminally amidated 32 amino acid peptide
hormone containing a single disulfide bride. To synthesize sCT effectively, we have
divided synthetic pathway into 2 steps, such as a chain assembly step and an oxidation

(o}

’/\ )k (\o)ku—CH—c—Opr
DCC/Pfp-OH H-Ser-OH / K,CO3

————————> 05 B —
\©\ Et0Ac/ 0°C \O\ AcCN-Water
NO. 1 NO. 2

2 2

THF reflux

0,8 (|ZH2 o
OH
NO. 4
NO

0 0
Q Q ||
|- I Py TsO"/ DMP N—CH—C—N OH
(\o N—CH—C—N—TH—C—O /

2
2

Fig. 1. Synthesis of Nsc-Leu-Ser(YMeMepre)-OH.
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process. When assembling an sCT chain using standard SPPS protocols, aggregations
were detected at Leu®, Val®, Leu®, and GIn?® so that this synthesis was very difficult.

Inserting the oxazolidine dipeptide derivative 4 at 13th position, aggregation was
decreased remarkably and a very pure crude product obtained (Figure 2). An addi-
tional insertion of an oxazolidine at 5th position did not provide obvious improve-
ments in this synthesis.

AU

OZ&MWL
0.00 e A

T T T T U
0.00 5.00 10.00 15.00 20.00 25.00 30.00
Minutes

Fig. 2. HPLC profile of sCT (oxidation, Nsc-deprotection and TFA based cleavage of
1-Nsc-di-Cys7 (Acm)-Ser 13(wMeMepy ) fully protected SCT; 0-100% MeCN in water for 50 min).

The effect of N-terminal environment on the oxidation of sCT was studied. The ox-
idation was proceeded with fully protected sCT on the resin using iodine-ascorbic
acid. The oxidation of Nsc protected sCT proceeded well without any purity loss.
When Nsc was replaced with Boc, the oxidation yield decreased no more than 50%.
Using N-terminal free amine, oxidized peptide was scrambled with complex impuri-
ties. On the effect of W-proline in oxidation step: 13th W-proline sCT proceeded well
with a good HPLC purity, however 5th W-proline contributed negatively in oxidation
step.
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A Combined Solid-Phase and Solution Strategy for Chemical
Synthesis of Human L eptin

Yuji Nishiuchi, Tatsuya Inui, Hideki Nishio and Terutoshi Kimura
Peptide Institute Inc., Protein Research Foundation, Minoh-shi, Osaka 562-8686, Japan

Introduction

The segment condensation strategy performed using either a solution or solid phase is
one of the most advantageous procedures for synthesizing large peptides or proteins.
We have recently demonstrated the utility of a combined solid-phase and solution ap-
proach for rapid protein synthesis by synthesizing muscarinic toxin 1 (66 AAs) [1] and
green fluorescent protein (238 AAS) [2]. The procedure involves performing the seg-
ment condensation reaction in solution employing a maximum protection strategy with
Boc chemistry, followed by final deprotection using HF. Each segment used in the
subsequent segment condensation is prepared by solid-phase assembly on an
N-[9-(hydroxymethyl)-2-fluorenyl] succinamic acid (HMFS) linker [3], which is de-
signed to be cleaved by nucleophiles such as morpholine to produce fully protected
segments with a free a-carboxyl group. To establish the present strategy for general
protein synthesis, we had to resolve the following issues encountered during prepara-
tion of the protected segments on the resin as well as the subsequent segment conden-
sation in solution and HF treatment: 1) development of base-resistant side-chain
protecting groups for Trp and Tyr, 2) completion of amino acid-coupling in a mixture
of chloroform (CHL) and trifluoroethanol (TFE) on the resin, 3) exclusion of deletion
products generated at the N-terminus of His(Bom), 4) development of a solvent sys-
tem for segment condensation of sparingly soluble protected peptides, and 5) suppres-
sion of the Trp modification associated with use of an N'"-carbamate-type protecting
group in HF. In order to further demonstrate the usefulness of our strategy, we tried to
synthesize human leptin by resolving these issues.

Results and Discussion
To prepare highly homogenous protected segments using the HMFS resin, there must
be a high compatibility between the anchoring group and the side-chain protecting
groups on the segment. Among the commonly used side-chain protecting groups in
Boc chemistry, the For group for Trp and the BrZ group for Tyr are partially or com-
pletely cleaved during detachment of the segments from the HMFS resin by treatment
with 20% morpholine/DMF for 30 min, which are the optimal conditions for avoiding
the aspartimide formation arising from the sequence susceptible to base, such as
Asp-Asn or Asp-Gly. In the present study, we employed the cyclohexyloxycarbonyl
(Hoc) group for Trp [4] and the 3-pentyl (Pen) group for Tyr [5] as base-resistant
side-chain protecting groups cleavable by HF. However, we recently identified the
modification of Trp associated with use of the Hoc group when treating Trp(Hoc)-con-
taining peptide with HF in the presence of p-cresol or anisole as a scavenger [6]. In
practical peptide synthesis, use of thiol (e.g. 1,4-butanedithiol) as an additive during
the HF reaction was found to significantly reduce the extent of the side reaction with
Trp(Hoc), athough the Hoc group can be removed without resorting to the use of
thiols.

Each segment was designed for the size range of 10-15 amino acid-peptides, which
was expected to facilitate the purification by recrystallization, reprecipitation and/or
silicagel chromatography. For this purpose we needed to find the procedure to prevent
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contamination by the deletion products generated during the chain-assembly on the
HMFS resin, which would make difficult purification of the segment. The failure of
Boc deprotection or amino acid-coupling reaction causes contamination of the termi-
nated products as well as the deletion products lacking one or more amino acid resi-
dues. Incomplete amino acid-coupling reaction often occurs in the case of segments
related to a “difficult sequence”, even with use of the optimized protocoal, i.e. the in
situ neutralization protocol [7]. In order to avoid this problem, we altered segment
structures and/or performed the amino acid-coupling reaction mediated with
EDC/HOOBL in a 3-sheet disrupting solvent, a mixture of CHL and TFE (3 : 1). As
previously reported by Li et al. [8], the coupling efficiency was improved by the use
of CHL/TFE swelling the peptide-resin to approximately 1.5-2-fold the volume of that
in DCM or NMP. On the other hand, amino acid deletion products generated at the
N-terminus of His(Bom) resulted more or less from incomplete deprotection of the
Boc group even with high concentrations of TFA. By reviewing the removability of
the Boc group on amino acid derivatives, the Boc group on His(Bom) was found to be
much more resistant under the deprotecting conditions than we had expected. This
finding enabled us to complete Boc deprotection from His(Bom) by prolonging the
duration of TFA treatment and/or increasing TFA concentration.

Synthesis of Human Leptin

In order to demonstrate the utility of the combined solid-phase and solution approach,
our present strategy was applied to the synthesis of human leptin, a protein consisting
of 146 amino acids, which is secreted from adipocytes and influences body weight ho-
meostasis. The molecular structure was designed for assembly from 14 segments (Fig-
ure 1) using the following side chain protecting groups: Tos for Arg, Bom for His, ClZ
for Lys, cHex for Asp and Glu, Pen for Tyr, Hoc for Trp, Xan for Asn and GIn, Bzl for
Ser and Thr, and MeBzl for Cys. Each protected segment was detached from the
HMFS resin by treatment with 20% morpholine/DMF for 30 min without any side re-
actions as described above. This detachment procedure could be effectively performed
even in the case of insoluble segments in DMF, e.g. segment 1, 2, 3, 6 and 7, which
could be quantitatively extracted with hexafluoroisopropanol (HFIP). The homogene-
ity of each segment was determined by amino acid analysis, TLC, RP-HPLC and ESI
MS and was found to be more than 95% pure.

The segment condensation reaction was carried out by using EDC in the presence
of HOBt or HOOB in appropriate solvent as indicated in Figure 1. In the course of as-
sembling the molecule, some of the intermediates were insoluble in routinely used sol-
vents including CHL/TFE mixed solvent. Therefore, we needed to use CHL/phenol
mixed solvent (5 : 1 or 9 : 1) possessing much higher solubilizing potential than
CHL/TFE. In CHL/phenol, the segment condensation reaction proceeded smoothly
without danger of epimerization or significant ester formation with C-terminal amino
acid residue when EDC was employed in the presence of HOOBt [9]. After comple-
tion of the synthesis of two big segments, Boc-(1-69)-OPac and Boc-(70-146)-OBzI,
the terminal phenacyl (Pac) group was removed using zinc dust in 20% acetic acid in
HFIP, and the homogeneity of each segment was confirmed by HPLC after de-
protection in HF. Next, these segments were coupled in CHL/phenol to the fully pro-
tected leptin molecule. The protected peptide thus obtained was treated with HF in the
presence of 1,4-butanedithiol and p-cresol at -5 °C for 1 h. After purification by
RP-HPLC, the product containing two free Cys was oxidized using hydrogen peroxide
procedure in 0.1 M Tris buffer (pH 8.2) containing 6 M guanidine. The product was
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further purified by RP-HPLC. Amino acid analysis of the purified peptide gave values
which agreed well with the theoretical ones. The molecular weight measured by
MALDI-TOF mass spectroscopy was 16,025.7 ([M + H]*), which agreed well with the
theoretical value (16,025.4: [M + H]").

VPIQKVQDDT KTLIKTIVTR INDISHTQSV SSKQKVTGLD FIPGLHPILT

LSKMDQTLAV YQQILTSMPS RNVIQISNDL ENLRDLLHVL AFSKSCHLPW
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Fig. 1. Synthesis of protected human leptin. D: DMF, N: NMP, P: CHL-phenol, T: CHL-TFE.

In conclusion, the combination of a solid-phase and a solution approach can be used
for the rapid synthesis of proteins of sufficiently good quality. In particular, the seg-
ment condensation reaction performed in a [-sheet disrupting solvent, CHL/TFE
and/or CHL/phenol, proved to be one of the most advantageous methods for protein
synthesis.
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Introduction

The availability of site-specifically modified peptidesis of importance for biochemical
and biophysical studies. Although biological methods, such as expression using bacte-
ria, are useful, they are not always applied to the synthesis of peptides with site-
specific modifications. Chemical methods constitute viable alternatives to those bio-
logical approaches. Furthermore, combinations of peptides, obtained by chemical and
biological means, for use as building blocks offer great potential as aroute to the syn-
thesis of a wide variety of polypeptides.

We have been developing a thioester method for polypeptide synthesis using
Salkyl peptide thioesters (peptide thioesters) as building blocks [1-3]. Several liga-
tion methods using the peptide thioesters as building blocks have been also devel oped
[4,5], including the so-called native chemical ligation [6]. Recently expressed peptides
were used for peptide synthesis. Protein splicing elements, which produce the thioester
intermediates, were used in combination with the native chemical ligation method
[7,8]. In those, however, a Cys residue is required at the coupling site. In contrast, the
thioester method does not restrict the residues at the condensation sites in principle.
Thisis of great advantage to the synthesis of any desired sequences by the use of ex-
pressed peptides as building blocks.

In this paper we describe a method for the preparation of a partially protected pep-
tide segment as a building block, for the thioester method, from an expressed peptide.
Its condensation with a peptide thioester, which contained O-phosphoserine residues,
was achieved. A synthesis of a partial sequence of phosphorylated p21Max protein [9]
is described as a model [10]. Max protein is known to bind specifically to duplex
DNA by forming homo- and hetero-complexes with the Myc family of proteins, and
its binding activity is reduced by phosphorylation. The success of this synthesis would
greatly contribute to our understanding of the structural basis of the regulation mecha
nism of Max protein, as the result of phosphorylation.

Results and Discussion

p21Max(13-101) (1) was prepared by expression using E. coli [11], which was con-
verted to CH;COCO-p21Max(14-101) (3) by the reaction with glyoxylic acid in the
presence of nickel(Il) sulfate in sodium acetate buffer [12]. After introduction of Boc
groups, the pyruvoyl group was removed by the reaction with o-phenylenediamine
[12], to give [Lys(Boc)152531:48,57,68.80,95] .\ ax (14-101) (3) in 34% yield based on pep-
tide 1. The transamination of peptide 1 using copper(ll) sulfate also gave the desired
product 2, which gradually degraded under the reaction conditions. The reaction can
be controlled easily by using nickel ions rather than copper ions. Removal of
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o-oxoacyl group was carried out in the presence of N,N-dimethylformamide (DMF) as
a co-solvent because of the low solubility of a Boc-protected peptide in an aqueous-
only buffer.

On the other hand, a peptide thioester, Boc-[Ser(PO;H,)%1!]-p21Max(1-13)-
SCH,CH,CO-Leu-OH (4) was synthesized via a Boc solid-phase method in 11%
yield. These peptides 3 and 4 were condensed in the presence of silver chloride,
3,4-dihydro-3-hydroxy-4-oxo-1,2,3-benzotriazine, and N,N-diisopropylethylamine to
give Boc-[Lys(Boc)1%25:3148,57.68:80,95 Ser(PO,H,) %11 -p21Max(1-101) (5), which was
treated with trifluoroacetic acid to afford [Ser(PO4H,)?1]-p21Max(1-101) (6). In this
synthesis, DMF was used as a solvent for the condensation reaction, and peptide 6 was
obtained in 31% yield based on peptide 3. Epimerization of the Alal3 residue was less
than 5%. It was also possible to prepare the non-phosphorylated p21Max(1-101) in
about the same yield as for the phosphorylated sample with less than 3% epimeri-
zation.

The above data clearly show that an expressed peptide can be used as a building
block for the thioester method, via transamination of the N-terminal amino acid resi-
due. Although some difficulty in the preparation of phosphorylated peptide thioesters,
which contains multiple Asp residues, remains, once those can be prepared, it should
be possible to perform segment condensation by the thioester method without any
problems. Furthermore, epimerization at the condensation site can be suppressed by
using DMF as a solvent, and this greatly simplifies the synthesis of proteins from re-
combinant proteins, because any condensation sites can be selected. This methodol ogy
will, in the future, be applied to the synthesis of awide variety of polypeptides includ-
ing segmentaly isotope-labeled proteins.

Acknowledgments
This research was supported, in part, by Grants-in-Aid for Scientific Research Nos.
10179103 and 12780440 from the Ministry of Education, Science, Sports and Culture

of Japan.

References

. Aimoto, S. Biopolymers (Peptide Sci.) 51, 247-256 (1999).

. Hojo, H., Aimoto, S. Bull. Chem. Soc. Jpn. 64, 111-117 (1991).

. Kawakami, T., Hasegawa, K., Aimoto, S. Bull. Chem. Soc. Jpn. 73, 197-203 (2000).

. Muir, T.M., Dawson, P.E., Kent, S.B.H. Methods Enzymol. 289, 266-298 (1997).

. Tam, J.A., Yu, Q., Miao, Z. Biopolymers (Peptide Sci.) 51, 311-332 (1999).

. Dawson, P.E., Muir, T.M., Clark-Lewis, 1., Kent, S.B.H. Science 266, 776779 (1994).

. Muir, T.W., Sondhi, D., Cole, P.A. Proc. Natl. Acad. Sci. USA 95, 6705-6710 (1998).

. Evans, T.C., Jr., Benner, J., Xu, M.Q. Protein Sci. 7, 2256-2264 (1998).

. Blackwood, E.M., Eisenman, R.N. Science 251, 1211-1217 (1991).

. Kawakami, T., Hasegawa, K., Teruya, K., Akaji, K., Horiuchi, M., Inagaki, F., Kurihara, Y.,
Uesugi, S., Aimoto, S. Tetrahedron Lett. 41, 2625-2628 (2000).

11. Horiuchi, M., Kurihara, Y., Katahira, M., Maeda, T., Saito, T., Uesugi, S. J. Biochem.

122, 711-716 (1997).
12. Dixon, H.B.F. J. Protein Chem. 3, 99-108 (1984).

O O 0NN WN =

—_

161



Peptides: The Wave of the Future
Michal Lebl and Richard A. Houghten (Editors)
American Peptide Society, 2001

The Synthesis of the K-Ras-Derived Peptide

Xiao-He Tong, Xiaowei Zhang, Lei Liu and Anita Hong
AnaSpec Inc., San Jose, CA 95131, USA

Introduction

A farnesylated 9-aa peptide, H-Lys-Ser-Lys-Thr-Lys-Cys(farnesyl)-Val-lle-Met-OH,
comes from the C-terminus of K-Ras, which isthe most frequently mutated member in
human tumours. The hRCEL protease cleaved H-Lys-Ser-Lys-Thr-Lys-Cys(farnesyl)-
Val-lle-Met-OH between the Cys(farnesyl) and Val positons, generating H-Lys-Ser-
Lys-Thr-Lys-Cys(farnesyl)-OH and H-Val-lle-Met-OH as products. For developing a
useful direct fluorogenic assay for both cloned hRCE1 analysis and inhibitor discov-
ery, we synthesized twenty K-Ras-derived peptides for screening [1]. Some peptides
(Table 1) were modified with either (7-Methyloxy-coumarin-4-yl)acetyl (Mca) or
2-Aminobenzoyl (Abz) fluorescent chromophores at the N-terminus, and quenching-
group-containing amino acids at the amino acid position of H-Val-lle-Met-OH. The
quenching-group-containing amino acids used were either NP-2,4-dinitrophenyl-L-di-
aminopropionic acid [Dap(Dnp)] or N&-2,4-dinitrophenyl-L-lysine [Lys(Dnp)].

Table 1. K-Ras-derived peptide sequence.

1. H-Lys-Ser-Lys-Thr-Lys-Cys(farnesyl)-Val-lle-Met-OH
2. H-Lys-Ser-Lys-Thr-Lys-Cys(farnesyl)-OH
3. Mca-Lys-Ser-Lys-Thr-Lys-Cys(farnesyl)-Val-1le-Met-OH
4. Mca-Lys-Ser-Lys-Thr-Lys-Cys(farnesyl)-OH
5. Mca-Lys-Ser-Lys-Thr-Lys-Cys(farnesyl)-Lys(Dnp)-lle-Met-OH
6. Mca-Lys-Ser-Lys-Thr-Lys-Cys(farnesyl)-Val-Lys(Dnp)-Met-OH
7. Mca-Lys-Ser-Lys-Thr-Lys-Cys(farnesyl)-Val-lle-Lys(Dnp)-OH
8. Mca-Lys-Ser-Lys-Thr-Lys-Cys(farnesyl)-Dap(Dnp)-lle-Met-OH
9. Mca-Lys-Ser-Lys-Thr-Lys-Cys(farnesyl)-Val-Dap(Dnp)-Met-OH
10. Mca-Lys-Ser-Lys-Thr-Lys-Cys(farnesyl)-Val-11e-Dap(Dnp)-OH
11. Abz-Lys-Ser-Lys-Thr-Lys-Cys(farnesyl)-Val-lle-Met-OH
12. Abz-Lys-Ser-Lys-Thr-Lys-Cys(farnesyl)-Val-lle-OH
13. Abz-Lys-Ser-Lys-Thr-Lys-Cys(farnesyl)-Val-OH
14. Abz-Lys-Ser-Lys-Thr-Lys-Cys(farnesyl)-OH
15. Abz-Lys-Ser-Lys-Thr-Lys-Cys(farnesyl)-Lys(Dnp)-Ile-Met-OH
16. Abz-Lys-Ser-Lys-Thr-Lys-Cys(farnesyl)-Val-Lys(Dnp)-Met-OH
17. Abz-Lys-Ser-Lys-Thr-Lys-Cys(farnesyl)-Val-lle-Lys(Dnp)-OH
18. Abz-Lys-Ser-Lys-Thr-Lys-Cys(farnesyl)-Dap(Dnp)-lle-Met-OH
19. Abz-Lys-Ser-Lys-Thr-Lys-Cys(farnesyl)-Val-Dap(Dnp)-Met-OH
20. Abz-Lys-Ser-Lys-Thr-Lys-Cys(farnesyl)-Val-lle-Dap(Dnp)-OH
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Results and Discussion

Nonfarnesylated peptides were synthesized by the solid phase method using Fmoc
chemistry and HMP-MBHA resin. All couplings, including Fmoc-Dap(Dnp)-OH and
Fmoc-Lys(Dnp)-OH, were performed using fourfold excess of activated amino acid.
The amino acids were activated using HBTU : HOBt : DIEA (1:1: 2) or DIC : HOBt
(1 : 1). Peptide resins were cleaved and deprotected by treatment with a mixture of
TFA : thioanisole : DTT : water : phenol (825:5:25:5:5) for 3 h. The non-
farnesylated peptides were purified by RP HPLC with a 0.1% TFA/CH,CN gradient
system. Peptides containing Dnp group are best synthesized using DIC : HOBt cou-
pling.

The farnesyl peptide derivatives were synthesized by our improved procedure,
based on the method of Yang [2]. Nonfarnesylated peptides were dissolved in the
mixed solvent DMSO/DMF/ACN (3: 2: 1) at aconcentration of 10 mM at 0 °C under
nitrogen atmosphere, and treated with 1.2 eg. of farnesyl bromide and 8 eq. of DIEA
for 0.5-1 h. On this condition, farnesyl bromide reacts exclusively with the sulfhydryl
anion of the unprotected peptide. Use of greater amounts of farnesyl bromide (>3 eq.)
often generate multifarnesylated peptides. After the reaction was completed, the reac-
tion mixture was quenched with acetic acid, and then purified by RP-HPLC. Using
this condition, we can obtain the desired mono-farnesylated peptides with good yield.
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Introduction

The phosphorylation of proteins is probably the most important reversible element of
the cell regulation. The involvement of tyrosine residue in this process is well known,
and a similar controlling mechanism concerning serine/threonine containing proteins
was recently discovered [1]. The isolation of phosphorylated peptides from biological
sources for functional or conformational studiesis usually not feasible, therefore there
is a need for efficient chemical phosphorylation methods. Although many papers on
phosphopeptide synthesis were published in the past, a universal method, which can
be applied with high efficiency in all cases does not exist. In several cases, after incor-
poration of the phosphate moiety, the molecule can undergo different side-reactions
[2]. To overcome these problems, one of the most widely used and favorable methods
makes use of monoprotected phosphate-containing building blocks of Tyr, Ser and Thr
[3]. Another alternative is the use of an asymmetrically protected amidite reagent [4,5]
or the use of H-phosphonates (phosphonic acid monoesters) that have been applied
successfully in oligonucleotide synthesis.

Results and Discussion
There are several possible solutions to avoid the phosphate loss by (-elimination: 1)
incorporation of a monoprotected phosphate moiety because it contains a negative
charge during piperidine treatment and it can prevent the 3-elimination [3], 2) employ-
ment of asymmetrically protected phosphoramidite reagents [4,5], 3) and application
of H-phosphonates as phosphorylating agents [6,7].

We wanted to examine whether the latter is universally suitable for phosphorylation
of peptides and whether there are side-reactions during the oxidation step. The scheme
of the synthesis is shown in Scheme 1.

PivClI
HO DMF, PYR HQ oxidation HO
FmocHN{I:%—x-o S FmocHN-0CxQ o FmocHN-(ll-é%(-Q
4 ° 12
pyridine-water 98:2
EH Of)‘” l )
tBu
X = protected peptide o=¢;gu O=>-OH
Y = CH,CgHy4 (Tyr) / CHy (Ser) / CHCH3 (Thr) fBu

Scheme 1.

Subsequent oxidation after phosphonylation of a free hydroxyl function with the
corresponding H-phosphonate yields the desired monoprotected peptide phosphate.
Being P(l11) compounds, H-phosphonates exhibit the same reactivity as
phosphoramidites, but are much less sensitive to oxidation and moisture. The
above method have been applied successfully for the synthesis of the following
phosphopeptide sequences: H-RKKRIS(P)ALPG-OH, H-IQEANY (P)VPMTGP-NH,
[7], H-WISHRST(P)VASCMHRQETVDC-OH. In these cases, the oxidation of the
H-phosphonate derivatives was carried out by 1% iodine in pyridine-water mixture.
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There are no significant side-reactions during the oxidation step even in the pres-
ence of methionine. In addition to the iodine oxidation, carbon tetrachloride can be
used to the P(111) - P(V) transformation (Scheme 2).

OR
OR;y + TEA OR1 + HQO 1
0=P—H + cCl o=p—cI 0=P—OH
R, - CHCl3 4R, - HCI R2
Scheme 2.

The HPLC profile of the crude H-RKKRIS(P)ALPG-OH peptide after CCl ,-oxida-
tion is shown in Figure 1. This method has several advantages of both the global and
synthon procedures and seems to be applicable for preparation of multiphosphorylated
peptides without the need of selective protection of the amino acids.
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Fig. 1. The HPLC profile of the crude H-RKKRIS(P)ALPG-OH peptide after CCl,-oxidation.
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Introduction

The phase determination is one of the central problems for the determination of the
electron density map during the X-ray crystallographic analysis of biomolecules. Thus
several methods have been developed, which include isomorphous replacement [1],
molecular replacement [2] and multi-wavelength anomalous diffraction (MAD) [3,4].
The last method uses the preparation of seleno-methionine derivatives of the protein
structure. While molecular biology techniques unspecifically insert the seleno-
methionine in the protein structure, chemistry allows in general the rapid position-
selective chemical synthesis. We report here a solid phase synthesis strategy for
seleno-methionine derivatives of synthetic peptide and protein structures, which is
tightly fitted into the overall Fmoc/tBu or tBoc/Bzl protection scheme.

Results and Discussion

Both the Fmoc and the tBoc protected derivatives of selenomethionine were
synthesized in high yield. While the preparation of the Boc-L-Met[Se]-OH proceeded
by standard procedures using di-tert-butylpyrocarbonate, the preparation of the Fmoc
protected derivative only yields a homogeneous compound when using 1.1eq.
fluorenylmethylchloroformate in tetrahydrofurane/10.0% Na,CO5 in water (3 : 1; v/v).
Several eight to eleven amino acid residue peptides were synthesized on solid support
using the standard chemistries. The incorporation of the selenomethionine derivatives
was nearly quantitative and gave in homogeneous peptides. The formation of the
cystine bridge proceeded cleanly in solution following the release from solid phase
even in the presence of selenomethionine.

In our endeavour to determine the first X-ray structure of a retro-peptide [5,6],
which was derived from the homodimerized and CGG extended retro-sequence of the
leucine-zipper of the yeast transcription factor GCN4, and the X-ray structure of an ar-
tificial DDT binding peptide [7], the synthesis of the selenomethionine derivatives of
these peptides was started. While all three possible selenomethionine mutants of the
DDT binding peptide and the retro-leucine zipper were synthesized and released from
solid phase in high purity without oxidation of selenomethionine, the direct cystine-
mediated homodimerization of the retro-leucine zipper proceeded in an unreproduc-
ible manner and with low yield. All attempts to dimerize this sequence using the stan-
dard techniques were not successful due to several side reactions. Surprisingly, the
dimerization rate of the leucine zipper was much higher when compared to that of the
retro sequence, which we explained by folding-assisted cysteine oxidation.

The novel convergent fragment condensation strategy outlined in Figure 1 was de-
veloped both for the C-terminal carboxylate and the carboxamide of the dimerized and
seleno-methionine derived retro-leucine zipper, which in general allows the direct
preparation of cystine bridged homo- and heterodimers. Therefore the retro-leucine
zipper (2-38) was synthesized on solid phase using the standard Fmoc chemistry.
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N,N'-Bis-boc-L-cystine was activated by dicyclohexylcarbodiimide in dichloro-
methane at 0 °C to form the symmetric anhydride 2. Reaction with the retro-leucine
zipper (2-38) yields in the intermediate 3, which was activated on the solid support
with DIPC/HOBL followed by the condensation with the protected retro-leucine zipper
(2-38) fragment to form the dimer 4. The release by standard acidolytic TFA cleavage
directly yielded in the seleno-methionine derived and dimerized retro-leucine zipper in
high yield. All inter-mediates and products were completely characterized by HPLC
and MS.
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T
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Fig. 1. The convergent fragment condensation strategy for the preparation of the seleno-
methionine-derived and cystine-bridged retro-leucine zipper (CGGREGVLKKLRAVENEHNY
KSEELLVKDELQKM[Se|RQL).
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Introduction

Biomedical researchers routinely incorporate fluorescently labeled peptides into as-
says to enhance detection sensitivity and/or to study receptor binding mechanisms as-
sociated with cellular physiology. While there are many methods available that allow
a researcher to fluorescently label a peptide at the N-terminus, or on a lysine residue,
there are no strategies for C-terminal labeling with fluorescein derivatives that utilize
the carboxylic acid of amino acids [1,2].

Here we report a synthetic strategy to incorporate one moiety of fluorescein iso-
thiocyanate (FITC) onto the C-terminus of T-20, Ac-Y TSLIHSLIEESQNQQEKN-
EQELLELDKWASLWNWF-NH,. T-20 is the first peptide in a new class of anti-
retroviral agents called fusion inhibitors [3], and a new anti-HIV drug candidate. Fluo-
rescence polarization binding studies suggest that the presence of a fluorescein label
on either the amino or carboxy terminus does not alter T-20's ability to bind to its tar-

get in gp4l.

Results and Discussion
The C-terminal amino acid (phenylalanine) of the T-20 sequence was modified to pro-
duce a “fluorescent” phenylalanine analog as illustrated in Figure 1.

Three protected fragments (Figure 2) were synthesized on acid sensitive
2-chlorotrityl chloride resin using FMOC chemistry. Cleavage from the resin with 1%
trifluoroacetic acid (TFA) in methylene chloride resulted in fully protected peptide
fragments with >80% purity.

H
H

/ H
FMOC—N, o FMOC—N/ o] FMOC—N/

o
1. tBoc-ethylene diamine,
HOBt, HBTU/NMM (DMF)
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Fig. 1. Synthesis of “ fluorescent” phenylalanine precursor.
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Peptide Fragment 1:
Ac-Tyr(tBu)-Thr(tBu)-Ser(tBu)-Leu-lle-Hi(Trt)-Ser(tBu)-L eu-lle-Glu(OtBu)-Glu(OtBu)-Ser (tBu)-GIn(Trt)-Asn(Trt)-GIn(Trt)-GIn-OH

Peptide Fragment 2:
Fmoc-Glu(OtBu)-Lys(Boc)-Asn(Trt)-Glu(OtBu)-GIn(Trt)-Glu(OtBu)-L eu-L eu-Glu(OtBu)-L eu-OH

Peptide Fragment 3:
Fmoc-Asp(OtBu)-Lys(Boc)-Trp(Boc)-Ala-Ser(tBu)-Leu-Trp(Boc)-Asn(Trt)-Trp(Boc)-OH

Fig. 2. Protected peptide fragments from T-20 sequence.

The C-terminally fluoresceinated T-20 peptide was synthesized using fragment
condensation [4], utilizing the “fluorescent” phenylalanine precursor as the C-terminal
amino acid. Side-chain deprotection with TFA/H,O/DTT (90 : 5: 5) and precipitation
in ethyl ether yielded the C-terminally fluoresceinated T-20 peptide, Ac-Y TSLIHSLIEE-
SQONQQEKNEQELLELDKWASLWNWZF-en-FITC. The crude peptide (30.45% by
area) was purified by RP-HPLC to 91% purity, and lon-Trap MS confirmed the accu-
rate molecular weight of 4923.65 g/mol.

Fluorescence polarization binding studies were utilized to confirm that amino-
terminal and carboxy-terminal fluorescein-labeled T-20 anal ogues bind to the same re-
gion in gp4l as native T-20. Figure 3 depicts the ability of native T-20 to compete
with amino-terminal or carboxy-terminal fluorescein-labeled T-20 peptides for binding
to the M41A614 protein construct (containing the HR1 binding region of gp41).

120
N
100
S 80 A
&
£ o N-terminal
labeled T-20
8 60 “ — Sigmoidal Fi
S )
| 4 C-terminal
X 40 Labeled T-20
—— Sigmoidal Fit
20 |
N
0 \

0.1 1 10 100 1000
nM T-20

Fig. 3. Fluorescence polarization study of amino-terminal and carboxy-terminal fluorescein-
labeled T-20 analogues (0.25 nM). Reactions carrried out in TBST (Tris-buffered saline: 50 mM
Tris, 138 mM NaCl, 2.7 mM KClI, with 0.01% Tween 20; pH 7.5). [Ag, = 485 nm; Aoy, = 530 nm;
measured with LIL Analyst fluorometer (Molecular Devices Corp.) in FP mode.]
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Introduction

The stereochemical versatility of carbohydrates provides much structural diversity and
has made them useful also as peptidomimetic scaffolds [1]. Just as peptides can be
rendered more stable by backbone modifications including N-methylation and amide
bond replacements [2], carbohydrates can likewise be stabilized by replacement of
their vulnerable hemiacetal linkages. C-sugars are derivatives of carbohydrates in
which the anomeric carbon is replaced by a methylene unit [3,4]. Carbohydrates are
known to be involved in numerous biological processes such as cell-cell recognition
[5]. Some glycoconjugate vaccines are being tested for prostate cancer [6]. C-sugars
appear as very attractive substrates because of their increased stability especially
against hydrolysis, but at the same time their structural and chemical properties are
similar to O-glycosides [3,4]. This explains the increase of interest for C-glycosides
[7]. Accordingly, we have initiated the synthesis of different pseudoglycopeptides.

Results and Discussion

As shown in Scheme 1, after benzyl protection of the pyranoside, alylation is per-
formed with allyltrimethylsilane and trimethylsilyl triflate as a Lewis acid catalyst.
The acid is then obtained by treatment with sodium periodate and potassium per-
manganate. An alternative method used was the formation of the aldehyde by osmyl-
ation and subsequent oxidation with sodium periodate. The first method was preferred
because it avoids using the poisonous osmium. These C-sugars are thus in the form of

OH OBz
HO P 0
NaH/ CH,0Bz BzO
% L z OBz
HO DMF BzO

OCH; OCH,4

TMSOTf
allytrimethylsilane

OBz
OBz
[0}
BzO 0o
OBz NalO4/KMnO4 BzO
BzO -~ OBz
K2CO3 BzO

(¢}

1l
—OH

Scheme 1. Synthesis of a protected a-D-mannosyl acetic acid C-sugar.
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O-protected acids and therefore can be easily introduced to the N-terminal or amine
side chains of different peptides. We have previously reported the synthesis of solubil-
ity-enhanced N-methylated diketopiperazines and pseudodiketopiperazines [8]. We
have suggested that these structures might represent an attractive template for drug
discovery, particularly when combined with known structural motifs and transport en-
hancing glyconjugates. To this end we are preparing the first example of a heterocycle
conjugate in which a stabilized C-sugar is linked to a functionalized diketopiperazine
through an amide function.

We have also introduced a C-sugar moiety to a short version of a linear NR box
pentapeptide as well as a W[CH,NH] pseudopeptide counterpart (Table 1). These
C-sugar linkages tend to make these compounds slightly less hydrophilic, as seen in
their corresponding RP-HPL C retention times.

Table 1. Mass and HPLC retention times of two peptides and their C-glycoside derivatives.

. a

Structure MW MW relt?eitli—loil_t?me
Calculated found b

(min)
Mannosylacetyl-L eu-Glu-GIn-L eu-L eu-OH 818.3 841.6 [M+Na] 171
H-Leu-Glu-GIn-Leu-L eu-OH 614.3 615.8 [M+1] 15.78
Mannosylacetyl-L eu-2NalW[CH,NH]GIn-Leu-Leu-OH 872.7 873.6 [M+1] 21.15
H-Leu-2NalW[CH,NH]GIn-Leu-Leu-OH 668.5 669.4 [M+1] 20.4

@ Analytical RP-HPLC was performed on a Vydac 218TP54 C;g column (4.6 x 250 mm) on a
Hitachi 655A system equipped with an L-5000 controller and D-2000 integrator; bHPLC
analysis was performed using the following gradient system: 5-90% CH3CN/0.05% TFA (B)
in 30 min, flow 1.0 ml/min.

Conclusion

N-methylation and the introduction of C-carbohydrate moieties allow us to synthesize
arange of different pseudoglycopeptides. These compounds are being tested in a vari-
ety of assays and the initial platform can be optimized by structure activity relation-
ship studies for delivery to the preferred target.
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Introduction

We have recently developed a method for combinatorial chemistry that alows fully
paralel synthesis, while retaining information on the identity of each library member.
In this context, we use the term “fully parallel” in avery restrictive sense, i.e., to spec-
ify not only that a given synthetic step is carried out simultaneously for the entire li-
brary, but also that each reagent used in a given step need be handled only once. The
key to spatially encoded synthesis with such parallelism is to use a linear organization
of the library, and a solid support of linear morphology [1].

One significant application of arrays of substances prepared in a combinatorial
manner is as a sensor array. We envisioned the preparation of large arrays of fluores-
cent chemosensors to be quite useful for the selective detection of a variety of
analytes. Synthesis of the chemosensor compounds may be carried out by a variety of
techniques. Fabrication of arrays of such substances in a useful configuration is a sep-
arate problem that is frequently addressed by preparation of a 2-dimensional array by
spotting individual substances upon an appropriate surface substrate. Readout of such
arrays requires some kind of imaging or spatially discriminating detection. We consid-
ered the question of whether the linear arrays we can prepare with such efficiency are
compatible with rapid sensor readout simpler than imaging.

We demonstrate here that virtually instantaneous readout of the entire array is pos-
sible if the linear array is distributed along an optical fiber. No imaging is required:
the entire array output is obtained as a single time-varying signal [2].

Results and Discussion

The challenge in spatially encoded synthesis is to subdivide the support for one reac-
tion, and then to re-subdivide it in a mathematically orthogonal manner for the next re-
action, without loss of information. Our solution is quite simple, as shown in Figure 1.
A. The linear support (thread or fiber) is wrapped around a cylinder of precisely deter-
mined circumference in a single spiral layer. Division of the cylinder lengthwise into
regions allows treatment of the space between a pair of divisions as a reaction vessel.
B. After carrying out a separate reaction in each region (placing each reagent in one
region) the linear support may be removed from the cylinder. C. It now bears a set of
repeating domains, the position of each specifying compound identity. D. In order to

Fig. 1. 1-Dimensional combinatorial synthesis.
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re-subdivide in an orthogonal manner such that all combinations will be formed in the
next step, the linear solid support is wrapped around another cylinder of a different
well-defined circumference. Because the cylinder is of a different appropriate size, ad-
jacent regions bear unrelated substances, and regions bearing like substances are
distributed around the cylinder. E. A second set of reagentsis applied, one to aregion.
F. This second set of reagents, after removal of support from the cylinder, is seen to
have formed a repeating pattern along the linear support. Since the period of the repeat
is distinct from that of the first step, all combinations are formed. This process can be
repeated with an arbitrary number of steps.

Given that one could prepare an array of sensors in this manner, the question re-
mains as to its readout. If each sensor region were distributed along an optical fiber,
light propagating within the fiber core could excite a fluorosensor by an evanescent
mechanism, which would minimize interference from solution. Discrimination of the
output of each sensor is possible by various approaches. If a short (ca 0.5 ns) pulseis
sent down the fiber, each region is excited at a slightly different time. By detecting the
emission that is captured by the fiber (a second evanescent process) and propagates
back toward the front of the fiber, regions can be distinguished by the arrival time.
This technique is limited by the fluorescence lifetimes: while individual regions can
be localized with high precision, output from closely-spaced regions can overlap.

We have overcome this limitation by introducing a two-fiber scheme (Figure 2) [2].
On one fiber, the sensor regions may be spaced closer than the limit imposed by the
fluorescence lifetimes. A laser pulse propagating through this fiber may excite
fluorophores in these regions essentially simultaneously. A fraction of the emitted
light is now coupled evanescently into the second fiber, which periodically contacts
each region. The distance between adjacent sensor regions along the second fiber is
large enough to delay the light pulses with respect to each other on their way to the de-
tector. The two-fiber scheme allows for separation of the optical delay from the syn-
thesis support, and separate optimization for each fiber’s distinct role.

Excitation: pulsed nitrogen laser
Detection: photomuiltiplier tubes (PMT)|

Computer

Digital
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Oscilloscope

HYV Power supply
HV Power supply

-
RV 757N

Fig. 2. Two-fiber detection scheme.
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Spatial Screening of Lectin Ligands. Cyclic Peptides as Scaffolds
for Multivalent Presentation of Carbohydrates
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Introduction

Carbohydrate-lectin interactions are the basis of numerous biologically important rec-
ognition processes [1]. Examples include the initiation of the inflammatory response,
bacterial and viral pathogenesis, fertilization, and even protein folding. High-affinity
lectin ligands are of considerable medicinal interest in the diagnosis, therapy, and pre-
vention of conditions associated with these processes. One approach to arrive at such
ligands is the design of small oligovalent carbohydrate derivatives (mini clusters)
which can simultaneously bind to several binding sites of a single (oligomeric) lectin
proximate in space and may be tailored to lectins with known 3D-structure [2] (“di-
rected” multivalency). However, if the structure of the targeted lectin and thus the re-
quired orientation of the sugar epitopes of the mini clusters are unknown, an efficient
procedure for the generation and screening of libraries of spatialy diverse mini clus-
tersis desirable. Here we present a new strategy for finding multivalent lectin ligands
by spatial screening using libraries of cyclic peptides as scaffolds for multivalent pre-
sentation of carbohydrate epitopes [3,4].

Results and Discussion

Our strategy comprises four steps: @) split-mix synthesis of alibrary of scaffold mole-
cules with side chain amino groups in varying amounts and spatial orientation, b) at-
tachment of several copies of a carbohydrate ligand to the amino groups, ¢) on-bead
screening of the library for lectin-binding properties, and d) identification of potent
ligands by single-bead analysis.

HNJ\,rlJY

OI N
R "NH
)»/H (0] /E OH
O HN™ ~O HO H
o \f\/\) - o OO N g
RUuN NHAc 2)n
| or [¢]
Boc 1 amino acid side chain

As scaffolds for the multivalent presentation of carbohydrate ligands, we have cho-
sen cyclic peptides of general type 1. At the combinatorially varied positions indicated
by gray circles, D- and L-amino acids without a side chain functionality as well as D-
and L-diamino acids such as lysine, diaminobutyric acid, or diaminopropionic acid are
incorporated. The latter represent the points of attachment of the carbohydrates. This
library design allows for generation of spatial diversity in two dimensions. Positional
diversity generates different carbohydrate patterns displayed on the scaffolds. Varying
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the stereochemistry of the amino acids increases spatial diversity by generating differ-
ent backbone folds [5].

Application of this screening approach is demonstrated using wheat germ aggluti-
nin (WGA) as an example. WGA, a 36 kDa lectin composed of two glycine- and
cysteine-rich subunits, contains several carbohydrate binding sites for N-acetylglucos-
amine (GIcNAc) and oligomers thereof, thus being a promising candidate for a multi-
valent interaction. Using a synthetic approach developed earlier in our laboratory [3],
a neoglycopeptide library of 19440 compounds was synthesized on aminofunction-
alized TentaGel without employing alinker following the “split and combine” synthe-
sis method (Figure 1). GIcNAc residues were attached to side chain amino groups via
an Aloc derived urethane. The carbohydrate content of the library members ranges
from 0 (2.6% of all compounds) over 1 (14.5%), 2 (30.3%), 3 (30.9%), 4 (16.6%), 5
(4.5%) up to 6 (0.5%).

D-Val D-Val D-Val D-Val

Ala Ala Ala Ala g'l‘;a' oro
Boc-Lys— gr"é - gr"g - E:ﬁ - g:‘é — |p-Dab@®y|- [0-Dab@) —GIu—BaI—O
p-Dab(R)| |p-Dab®)| |p-Dab®)| [p-Dab(R) g_‘;_r(sR)R Dpr(R)
Dpr(R) Dpr(R) Dpr(R) Dpr(R) ys(R)
NHER

NH=R
. ) NH=R

OH
£ £ X B = MR oo N
-HN CcO- -HN CO- -HN CO- HO NN \r(
o]

NHAc
D-Lys(R) D-Dab(R) Dpr(R)
Fig. 1. Library of 19440 cyclic neoglycopeptides. Bal = B-alanine.

In order to screen the library for lectin binding properties, we developed an on-bead
assay (Figure 2). Briefly, the resin-bound neoglycopeptides were incubated with
biotinylated WGA followed by addition of an anti-biotin alkaline-phosphatase conju-
gate. Beads with bound lectin were detected by an alkaline phosphatase catalyzed
color reaction. When the assay was carried out in the presence of competing
monovalent ligand (GIcNAc), a small part (approx. 0.1%) of the beads stained very
darkly. These beads were manually selected under a microscope and treated with

Wheat germ
agglutinin

Alkaline
phosphatase

¥ N\

Color reaction

Neoglyco-
peptide

Fig. 2. Immunosorbent lectin binding assay.
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[Pd(PPhs),]/morpholine in order to remove the carbohydrates. After cleavage of the
N-terminal Boc protecting group, “hit” structures were identified by automated sin-
gle-bead Edman degradation. Due to the side chain cyclization, a negative answer is
expected during the first degradation step, as long as cyclization has occurred com-
pletely (cyclization control).

So far, three WGA ligands could be identified, the hexavalent compounds 2 and 3
and, interestingly, tetravalent 4. Its four D-Dab(R) residues in positions 2, 4, 5, and 7
are conserved among all three ligands. Except for position 3 in compound 2 (Dpr(R)),
we found exclusively D-amino acids at the combinatorially varied positions 2—7. Fur-
ther sequencing results are necessary to confirm the observed consensus sequence and
preference for D-amino acids.

Q HL P LN NH NH -

N NN ) " AN :
SR SR o
j:NH N —Q O NH o I A~ oM Y ~Q

3 H T YN u—o R R H
tf B K oK Keadta
3 C- HN" S0 H Al
2 N Boc 3 R 4

Since the corresponding non-glycosylated cyclopeptide library (Figure 1, R = Ac)
does not contain any WGA ligands, we assume the spatial presentation of the GIcNAc
residues on the cyclopeptide scaffolds to be responsible for different binding affinities
to WGA.
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Introduction

Siderophores are natural products, often containing amino acid derivatives, that are
produced by microorganisms to chelate ferric ion as part of an iron-uptake system es-
sential for survival. In order to explore several therapeutic opportunities, we have de-
veloped a combinatorial synthetic strategy to prepare libraries of analogs of a number
of different siderophores, including desferrioxamine (DFO), for potential treatment of
iron overload [1]; and exochelin, mycobactin and aerobactin for potential antibiotic
applications. These siderophores all contain hydroxamate groups as primary coordina-
tion sites for the ferric ion (Figure 1). Their typical stability constants (K for ferric
ion are from 10?3 to 10%,

Results and Discussion
To facilitate synthesis of various analogs of the parent siderophore, we have devel-
oped novel synthetic approaches in which the hydroxamate groups were constructed in
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Fig. 1. Polyhydroxamate siderophores.
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situ during the solid-phase procedure (Scheme 1). The key to this approach was choice
of N-nosyl (2-nitrophenylsulfonyl = Ns) protection [2] of the hydroxylamine group
and an appropriate protecting group PG. The presence of the temporary N-protecting
2-nosyl group activates the nitrogen for alkylation with alkyl halides by conventional
methods or alcohols under Mitsunobu reaction conditions to give 1.2. Selective re-
moval of the nosyl group with thiolate anion then leads to 1.3 that facilitates further
elaboration of the molecule by N-acylation to afford the intermediate 1.4. The choice

_PG
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i . S Linker- R, "N
OLlnker R1'X NS-NH(OPG) o R1 s Thiolate Anion
11 1.2
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PG4 = tert-Bu, THP or
2,4 dimethoxybenzyl

Scheme 1. Solid-phase synthesis of hydroxamate.

of acid-labile O-protecting groups (e.g. tert-Bu, THP, 2,4-dimethoxybenzyl) for the
hydroxylamine moiety makes our automated high-throughput synthesis a robust pro-
cess, as the protecting group is also removed during the final cleavage from the solid
support. Also, some of these protecting groups (e.g. THP) offer the convenience of
on-resin deprotection leading to libraries on solid support for further evaluation. Re-
moval of the permanent O-protecting group (PG) leads to the desired hydroxamate 1.
When this approach is combined with an orthogonal protecting scheme for other
building blocks (e.g. acid-sensitive groups for permanent protection and base, thiolate
or mild acid-sensitive groups for temporary protection) such as amino acids, amino al-
cohols or carboxylic acids, the strategy is very versatile and suitable for generation of
a large number of polyhydroxamate analogs. Another advantage of this approach is
the ease of synthesis through the use of readily available, simple building blocks. A
wide variety of structurally diverse analogs of DFO [3], aerobactin, caroboxymyco-
bactin, and exochelin (more than 200 compounds) were prepared via solid-phase com-
binatorial synthesis to explore metabolism, biocavailability, metal affinity and
selectivity, and iron transport.

High-throughput screening to determine metal binding was developed based on
competitive colorimetric and mass spectrometric assays. The spectrophotometric
methods have proven to be more suitable for high-throughput screening, with
sulfoxine (8-hydroxyquinoline 5-sulfonic acid) being the most robust. The measure-
ment reflects relative affinities of ligands, expressed as a percentage of iron stripped

178



Synthetic Methods

from sulfoxine—Fe complex, and was correlated with information about Keff by using
ligands with known affinities (e.g. 67% for DFO with log Ky = 24.26 vs 14% for
EDTA with log Ky = 21.90).

Thirty-five DFO analogs with log K ranging from 22 to 24 were selected as
promising candidates for screening for iron removal from animal models of iron over-
load diseases. The iron-mobilization efficacy of novel chelators was evaluated in rats
with hepatocytes labeled with Fe-59-ferritin as described by Pippard et al. [4] and
compared to DFO (Desferal®, in clinical use for the treatment of iron-overload, s.c. in-
fusion, orally not active). The chelators were first administrated i.p. to identify candi-
dates for oral screening. Among fifteen DFO library anal ogs tested, seven compounds
were as effective or better than DFO. Screening of selected candidates for oral activity
isunderway. So far, one DFO analog was identified with oral activity and comparable
efficacy to L, (Deferiprone® — a bidentate oral drug conditionally approved in Europe
and Indiafor the treatment of iron-overload). The combinatorial strategy for synthesis
and screening of polyhydroxamate analogs proved useful in identification of novel
iron-binding ligands with improved therapeutic properties.
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Introduction

04B1 integrin is widely expressed on both T- and B-lymphocytes. It isinvolved in cell
migration into tissue during inflammatory responses and normal lymphocyte traffick-
ing and plays an important role in inflammation and autoimmune diseases [1]. Over
the past few years, a number of investigators have developed peptide or peptido-
mimetic inhibitors/ligands for a4f31 based on the known peptide sequence ILDV in
fibronectin [2]. Most of these studies have been directed to the treatment of a number
of inflammatory and autoimmune diseases. In this study, we used a whole cell binding
assay to screen a random “one-bead one-compound” combinatorial peptide-bead library
[3] with a human T-lymphoma line (Jurkat) and discovered a number of lymphoid tu-
mor cell line specific peptides that contain pLDI motif.

Results and Discussion

To discover lymphoid tumor cell line-specific peptide ligands, two “[B-turn” peptide li-
braries XXXpXXX and xXXXpXXX (wherein “X”= al 19 eukaryotic amino acids
except cysteine, “x” = the corresponding 19 D-amino acids, and “p”= D-proline) were
used. From screening these peptide libraries with live Jurkat cells, a number of beads
bound by a monolayer of cells were retrieved. The beads were then recycled and
tested against a human myeloid leukemia cell line (K562). The beads, which were spe-
cific to Jurkat cell line, were isolated for microsequencing (Table 1). Most ligands
contained LDI or LDF motifs. This data corroborate well with the previous study that
Jurkat cell line has high level of a4p1 integrin on the cell surface [4], and that -LDV-
is a known natural a4f1 integrin binding motif in fibronectin. We have selected
LTGpLDI as the parent peptide for SAR studies (Table 2). We tested each of the dele-
tion and substitution analogues against Jurkat, OCILY 8 (human B-cell immunoblastic
lymphoma), K562, HL-60 (human myeloid leukemia) cell lines as well as mono-
nuclear cells obtained from peripheral blood of normal volunteers. The binding pro-
files of LTGpLDI, TGpLDI, and GpLDI were essentially identical, indicating that the
two N-terminal residues LT are not critical. These peptides bound preferentially to hu-

Table 1. Jurkat cell specific peptide ligands isolated from primary screen.

Library XXXpXXX XXXXpXXX

Ligand sequences LTGpLDI gVSHpLDI nL DFpFFN
WDGpL DI eGWQpL DI fLDFpDPM
HQMpLDI eFAFpLDF nL DHpHNL
DIQpLDI fMWFpLDF WADFpHET
YVGpLDF gYWYpLDY
HHWpLDF
IWHpL DV
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man T and B lymphoma lines, and weakly to a myeloid leukemia line (K562) and did
not interact with another human myeloid leukemia line (HL-60) or mononuclear cells
derived from the peripheral blood of normal volunteers. pLDI was found to be the
minimal sequence necessary for cell binding as further deletion of D-pro totally elimi-
nated cell binding. Further SAR studies with substitution analogues showed that re-
placement of D-pro (residue 4) with L-pro greatly decreased the binding affinity.
Replacement of Leu (residue 5) or Asp (residue 6) with Alarendered the peptide com-
pletely inactive. However, significant binding to Jurkat cells (T-lymphoma) remained
when lle (residue 7) was replaced by Ala. Interestingly, this latter peptide (LTGpLDA)
no longer bound to the B-lymphoma cell line.

Table 2. Binding specificity of LTGpLDI peptide analogues to different cancer cell lines and
mononuclear cells derived from normal volunteers.

Peripheral
Jurkat OCILY8 K562 HL-60 mononuclear
cells
(A) Deletion Analogues
LTGpLDI 3+ 3+ 1+ - -
TGpLDI 3+ 3+ 1+ - -
GpLDI 3+ 3+ 1+ - -
pLDI 2+ 2+ - - -
LDI - - - - -
(B) Substitution Analogues
LTGPLDI 1+ - - - -
LTGalLDI 1+ - - - -
LTGpADI - - - - -
LTGpLAI - - - - -
LTGpLDA 2+ - - - -
Semi-quantitative whole cell binding assay: “—" average number of less than 5 cells bound

per bead, “ 1+” 5 to 20 cells per bead, “2+” 20 to 40 cells per bead, and “ 3+” > 40 cells
per bead.

The peptide ligands identified from one-bead binding were synthesized in solution
phase and evaluated for their binding activities. One uM of biotinylated peptides in
solution phase were immobilized on 96-well plate precoated with Neutralite-Avidin,
and Jurkat cells were added to the well in the presence or absence of different antibod-
ies (Figure 1). Jurkat cells without any antibody treatment showed good binding affin-
ity. A similar pattern was noted in Jurkat cells pretreated with integrin-activating
anti-p1 TS2/16 antibody or anti-a5 antibody. In contrast, treatment of anti-a4 HP2/1
antibody prevented Jurkat cells from adhering to the peptide with an ICy; value of
0.1 pg/ml, suggesting that the peptide interacts with a4 integrin on the surface of the
cell.

Using the “one-bead one-compound” combinatorial peptide-bead library method,
we discovered lymphoid tumor cell line specific peptides containing pLDI motif. The
ligands were specific to both T- and B-lymphoid tumor cell lines (Jurkat and OCILY 8
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cell lines respectively) and did not bind to myeloid tumor cell lines (K562 or HL-60)
or to normal human peripheral lymphocytes. These findings may have important im-
plications in targeted-therapy and imaging of both T- and B-cell lymphoid malignan-
cies.

0.25
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Fig. 1. Jurkat cell adhesion to WDGpLDI in the presence of anti-integrin antibodies.
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Introduction

Src family protein tyrosine kinases (PTKs) are excellent targets for anti-cancer drug
discovery due to their association with cell transformation and carcinogenesis. In the
past few years, we have developed a pseudosubstrate-based inhibitor strategy to target
the active site of p60°cS® PTK. This strategy has led to the identification of highly se-
lective and potent peptide inhibitors of p60°S© PTK [1,2] that bind to the peptide sub-
strate binding pocket and not the ATP hinding pocket. Despite their high inhibitory
activity against p60°S© PTK in a cell free protein kinase assay, the peptide inhibitors
did not show any significant biological effect on intact v-src transfected 3T3 cells.
This was probably due to their inability to penetrate the cell membrane and their sus-
ceptibility to proteolysis. Previous work in our laboratory on peptide substrates [3,4]
and inhibitors [1,2] led us to believe that the dipeptide motif, -lle-Tyr- (-1-Y-), is criti-
cal for binding to the active site of p60“s¢ PTK. In this study, we describe the devel-
opment of cell permeable peptidomimetic substrates and inhibitors of p60“s® PTK
using -lle-Tyr- as a core structure.

Results and Discussion

Our approach to identify peptidomimetic substrates is to use the on-bead functional
screening method [4] with [y-32P] ATP and p60“S® PTK. These substrates are then
used as templates to develop potent inhibitors that bind to the protein substrate binding
pocket. We first synthesized a biased “one-bead one-compound” peptidomimetic li-
brary (R-1-Y-X) with a“split synthesis” method (wherein R represents 96 alkyl groups
and X stands for 38 amino acids that include both the L- and D-isomers of all 20
eukaryotic amino acids except cysteine). By the end of the synthesis, each of the
sub-libraries remained separate in each well of the 96-well plate. We then screened
each of the sub-libraries with an on-bead functional 32P-phosphorylation assay.

The positive [3°P]-labeled beads were detected with autoradiography. The first li-
brary screening led to the identification of peptidomimetic sub-libraries, with specific
R groups, which are excellent substrates for p60“s¢ PTK (Figure 1). In the second
step, we synthesized and screened all the individual compounds of the active
sub-libraries. This screening enables us to identify individual peptidomimetic sub-
strates of p60°S¢ PTK. A few of these substrates, when modified and tested as inhibi-
tors in our cell free protein kinase assay [5], showed moderate potency with 1Cg,

Gy 2,3-Thiophenedicarboxyaldehyde A  Anthraldehyde
CHO HO
Fig. 1. Chemical structure of R groups that cap the active sub-libraries (R-1-Y-X).
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values in the range of 5 to 20 uM. Unlike our peptide inhibitors, some of the
peptidomimetics also showed significant growth inhibitory or morphological effects
on various cancer cell lines including v-src transfected 3T3 cells, colon, bladder and
prostate carcinoma (Table 1). This was probably due to their peptidomimetic nature,
small size and their resistance to proteases. However not al the peptidomimetic
compounds active in the enzyme assay exert biologica effects on intact cdls. Work is currently
underway in our laboratory to further optimize these peptidomimetic compounds for more
potent and selective anti-tumor activities.

Table 1. Biological effects of the peptidomimetic p60¢S'¢ PTK inhibitors.

Peptidomimetics Protein Ilgr;jsﬁ“;lghibiti on C?lé(:;oi:\cﬂ:igy Morphological changes®
Gy l-Y-K 18+20 None Yes
G,-(B-Phe)-K 12+21 None Yes
Agl-Y-K 14+ 2.0 None Yes
Ag-(B-Phe)-Dpr 13+2.8 90+ 17 Cell death
H,-(nal-2)-Dpr 6.3+ 1.0 6.8+ 1.0¢ Cell death

-Phe, L-B-phenylalanine; Dpr, L-diaminopropionic acid; nal-2, D-3-(2-naphthyl)alanine.

@ The substrate used in these experiments was YIYGSFK at 55 puM (its K, value). b Based on
proliferation of v-src-3T3 cells (assessed by MTT proliferation assays). ©“Yes’ indicates
changes in cell morphology and restoration of contact inhibition.  Tested on HT-29, a hu-
man colon carcinoma cell line with overexpression of p60°sc,
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Introduction

Specific protein—protein interactions are essential facets in cellular communication
and the formation and specific assembly of multicomponent protein complexes often
is regulated by binding to proline (Pro)-rich peptide sequences. Pro-rich ligands adopt
a left-handed polyproline Il helical conformation (PPII, &l trans amide bonds) and
bind to a highly conserved patch of aromatic amino acids of e.g. Src homology (SH3)
domains [1]. The essentia feature of SH3 binding ligands is the consensus sequence
Pro-Xaa-Xaa-Pro (Xaa representing variable amino acids). In the search for novel in-
hibitors, recently introduced pseudoprolines (WPro), i.e. Ser, Thr, Cys derived
proline-ring structures with enhanced inherent properties of L-Pro, were used to study
ligand receptor interactions of Pro-rich peptides [2]. Binding affinities in the order
typically found for SH3-mediated interactions and most notably, enhanced binding
specificity aswell asinhibition of Grb2 SH3 (N)-SoS complex formation (Figure 1) il-
lustrate that WPro building blocks exert a dual functionality, i.e. i) increase and opti-
mization of van der Waals contacts and hydrogen bonding to the receptor molecule,
and ii) enhancement of the relevant PPIl conformation [3]. To further optimize
ligand-receptor interactions in the search of potent SH3 ligands, 2C-substituted WPro
libraries applying post-insertion strategies have been generated allowing for rapid
screening of ligands that optimally complement the SH3 topography.

p
5

Fig. 1. The consensus sequence of a proline-rich sequence bound to Grb2 (N) SH3 domain
(left); close-up (right): a 2C-functionalized WPro library replacing Pro at P-1 allows to rapidly
screen for the best binding ligand.
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Results and Discussion
To exploit the principle of the dual role of functional pseudoprolines further, a Pro
was replaced by a WPro-moiety at position P-1 in the SoS related sequence Val-Pro-
Pro-Pro-Val-Cys(Wpro™:CH2NH2)_pro-Lys-Lys-Lys [4] and in a non natural high
afinity Pro-rich ligand Tyr-Pro-Pro-Pro-Ala-Leu-Cys(Wpro™CHNH2)pro-|ys-Arg-Arg-Arg
[5]. Cyclocondensation of Cys with Boc-protected glycinal results in an NH,-group at
2C of the WPro moiety accessible for the covalent ligation of a broad palette of vari-
ous substituents either on solid phase or in solution. To this end, the Cys
(Wprot:CH2NHBoc) pyjilding block was reacted with Fmoc-Val-F and Fmoc-Leu-F, re-
spectively, to yield the corresponding dipeptides used in Fmoc-based solid-phase pep-
tide synthesis. After removal of Boc and simultaneous cleavage from the resin,
different residues, e.g. R = -CO-C4H5;; —-CO—(CH,),CH5; -CO—CHj; —SO,—CHg;
—D-galacturonic acid) were covalently attached in solution via amide bond formation.
Interestingly, as shown by 2-D NMR the unprotected thiazolidine dipeptides adopt a
cis conformation, whereas the corresponding WPro-containing peptides exhibit all
trans conformation as prerequisite for the required PPI1 helical conformation.

In conclusion, the generation of WPro-libraries exhibiting enhanced Pro properties
allows for rapid screening of alarge number of Pro-rich peptides in the search of po-
tent inhibitors of SH3-mediated interactions.
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Introduction

The V3-loop is an immunodominant region within the envelope protein of HIV-1.
Peptides of this region are used to classify HIV-1 into subtypes based on the
seroreactivity of patients’ sera. However, correlation between genetically determined
subtypes and their seroreactivity is not yet fully established. Therefore, new ap-
proaches have been pursued [1]. We evaluated the immunological reactivity of
polyclonal human anti-HIV antibodies from patient sera against a solid phase
decapeptide library derived from HIV-1 V3 sequence data in order to achieve a mini-
mal set of peptides with orthogonal seroreactivites against different subtypes. This ap-
proach serves as a basis to establish an immunofluorescence based assay for subtyping
HIV-1.

Results and Discussion

Our process for the identification of reactive peptides from combinatorial libraries is
visualized in Figure 1. For the quick and reliable identification, we encode the peptide
sequences during combinatorial library synthesis by 5% capping and subsequent
MALDI MS analysis [4]. The capping is computer-optimized to achieve a minimum
of capping steps for the specific library; synthesis is carried out using mixtures of the
Fmoc-protected amino acid and its N-terminally blocked derivative during split and
mix synthesis [3]. Thus the peptide sequence can be decoded from a single bead. For
example, the library we considered contains 432 000 members. The computer algo-

Encoded Solid-phase Single-Bead-Sequencing
Combinatorial # immunofluorescence # and Decoding by
Synthesis screening -~ MALDI-MS

ahum 2°Ab
o Alexa488 labelled
7
@, [e)
o« 7N
F"S‘%‘PP"‘Q resin-bound human 1°Ab
.l\:l a7 Pepudes aVv 3/gp120
Main Peptide
Second Capplng ACNQAC M
Ol Ol 2 N-Ac

I"\Y ! Coding Peptides

@g Beads glued on plate surface et

Fig. 1. Immunofluorescence and MS based identification of reactive peptides.
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rithm Biblio [2] we developed calculated five necessary capping steps, providing a
unique capping pattern for any given peptide of the library. Therefore, the MALDI
mass spectrum reveals six signals, five coding peptides and the main peptide, as
shown in Figure 2 (right).

Fmoc-protected

1) after Staining with NHS after Destaining (pH1)

20000 - Ac-SIRIGPGQAF-APPPRA-OH
25000 | \

2) after Staining with Serum#1 after Destaining (pH1) 20000 |-

Q
° Naph-IRIGPGQAF-'APPPR’A-OH
15000 I Ac-F-'APPPR'A-OH
° / Bz-IGPGQAF-APPPR'A-OH
10000

. . o Bz-GPGQAF-'APPPR'A-OH
3) after Staining with Serum#2 after Destaining (pH1) BZ.QAF-'APPPR‘A-OH\;
\

; R R
y duibiih Ll " " "
° % I e e e e e L
° 800 900 1000 1100 1200 1300 1400 1500 1600 1700
Mass (m/z)

Fig. 2. Immunofluorescent staining and MS decoding of the model peptide Ac-SIRIGPGQAF-.

Counts

For the identification of aminimal set of peptides with orthogonal cross reactivities
between HIV-positive sera, we developed a method to screen the resin beads carrying
the peptidesiteratively. The coded peptide beads are glued to the petri dish with an ep-
oxy adhesive, enabling to wash off the immune complex at low pH. Thus, any reactive
bead can be recognized positionally due to a background grid pattern on the petri dish.

Resin-bound peptides found to be most reactive throughout all staining series can
be selected, sequenced by recording a single mass spectrum and decoded by Biblio, as
demonstrated with a coded model peptide from our library [2] screened with two HIV
positive sera and normal human serum (NHS) as negative control in Figure 2.
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Introduction

The majority of protein-interaction sites are discontinuous, this means that various
loops form the three-dimensional binding pocket. For proteins with unknown se-
guence and structure random libraries can be used to define the interaction site [1].
Proteins with a defined sequence and/or structure can be scanned with overlapping
peptides against, for instance, monoclonal antibodies. However, testing monoclonal
antibodies in ELISA against all overlapping 12- to 15-mer peptides from these pro-
teins is not always successful. Scanning against 25- to 30-mer peptides [2] reveals
more information, since these peptides cover alarger area of the protein surface. How-
ever, to discover complete discontinuous interaction sites that contain different parts
of the epitope — which are (far) apart in the primary sequence, but are brought close
spatially in the protein — we developed the matrix scan. The method consists of mak-
ing all possible peptides that comprise two or more different regions from a protein.
The scan includes also branched combinations. Screening of these peptides provides
clear insight into the nature and composition of the discontinuous epitopes as demon-
strated for FSH (Follicle Stimulating Hormone).

Results and Discussion

We tested 20 different monoclonal antibodies in ELISA against different sets of over-
lapping peptides spanning the entire sequence of FSH. The antibodies were raised
against native FSH and directed against the [3-subunit of FSH. Three types of pepscans
were synthesized: a) all overlapping 12- and 15-mers, b) al overlapping 24- and
30-mers, and ¢) a complete matrix scan with construct 30-mers. For the matrix scan
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Fig. 1. Schematic presentation of the matrix scan (left) and the reactive segments found, using
this matrix scan, projected in the model of the B-subunit of FSH (right).
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about 120,000 construct peptides, including both the a- and the B-subunit, were tested.
For the synthesis we followed the scheme shown in Figure 1.

All overlapping 12-, 15-, 24-, and 30-mer peptides from FSH were synthesized in
small wells in credit card format mini-cards (455 peptides per card) using standard
Fmoc chemistry. The cards were functionalized with amino groups as described previ-
ously [1]. All overlapping 24- and 30-mer peptides were synthesized from two 12-, re-
spectively 15-mer peptides. The N-terminal peptides were synthesized in mini-cards
using a cleavable linker, and after synthesis and cleavage linked to the C-terminal se-
guence in other mini-cards using ligation chemistry.

Only one of the 20 monoclonal antibodies reacted with the linear 12- and 15-mers,
this was only a small peak. About 5 of the 20 monoclonal antibodies clearly reacted
with the 24- and 30-mer peptides. These were high peaks which covered one of the
loops from the -subunit. In contrast, all of the 20 monoclonal antibodies reacted in
the matrix-scan of the 30-mer construct peptides. The identified peaks included the
loop found earlier using the 24-mer peptides, but added two sequences in the same
area that were located far apart in the primary sequence (Figure 1, right).

We conclude that scanning of protein sequences with monoclonal antibodies, using
up to 30-mer peptides, allows the definition of parts of discontinuous sites. However,
scanning of protein sequences with monoclonal antibodies, using the matrix scan
makes it possible to define accurately complete discontinuous sites.
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Introduction

The cGMP-dependent protein kinases type la and I (cGPK) act directly downstream
in the nitric oxide (NO) mediated signaling pathway in the control of a variety of cel-
lular responses, ranging from smooth muscle cell relaxation to neuronal synaptic plas-
ticity [1,2]. The structural similarity of cGPK and its closest relative, the CAMP-
dependent protein kinase (CAPK), has made it difficult to study cGPK pathways inde-
pendent of those mediated by cAPK, primarily due to the lack of potent and selective
cGPK inhibitors. Here we report a novel peptide library screen specifically designed
to select for tight binding peptides that identified selective inhibitors of the kinases.
The most potent sequences were made cell permeable by the addition of membrane
translocation sequences from HIV and Drosophila and physiological effects of the
constructs were studied in vivo and in vitro.

Results and Discussion

Peptide libraries without Ser and Thr were constructed and the binding of 2P auto-
phosphorylated cGPK la was investigated. The octameric library array XXX12XXX
revealed strong binding to the kinase with the amino acid combinations RR, KR and
RK at positions 1 and 2. The RK motif gave the strongest signal. The second-
generation library with the structure XXXRK 12X identified unambiguously the com-
bination KK as the strongest binding motif. In the third library XRKKK12X, again
KK was favored, although other lysine containing combinations (AK, WK, KF) were
also selected by cGPK. In the fourth library IRKKKKK2, cGPK strongly selected Leu
at position 1 and His at position 2 (Figure 1). C- and N-terminal extended libraries
identified more hydrophobic residues surrounding the cluster of positive residues (data
not shown), with the dodecamer FLLRKKKKKHHK as the longest peptide included
in our search. The octamer LRKgH (W45) derived from the fourth generation library
was a potent and sel ective competitive inhibitor of cGPK (Table 1). N- and C-terminal
extensions in 5th and 6th generation libraries did not improve the Ki values.

L EEl]
SRR L LR

Fig. 1. Binding of autophosphorylated cGPK to the array 1RKKKKK2.
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To alow internalization of the highly charged peptide W45 into live cells, we em-
ployed two membrane translocation sequences, one from the HIV-1 Tat protein
(47-59) and the other from the Drosophila Antennapedia homeo-domain (43-58).
N-terminal fusion of either of these sequences to W45 resulted in a potentiating effect
with respect to the inhibitory potency, with Ki values 40-80-fold lower than W45 (Ta-
ble 1). Interestingly, the fusion peptides alone had significant cGPK inhibitory activ-
ity. The internalization of DT-2 and DT-3 into living cells was monitored by peptide
derivatives furnished with an additional N-terminal Cys to which a fluorescein label
was attached, spaced by a 3-Ala (Fluo-DT-2/3). The labeled peptide analogs of DT-2
and DT-3 were rapidly internalized and distributed through the cytosol and nuclei in a
time dependent manner, while Fluo-W45 did not noticeably penetrate through the
plasma membrane.

To demonstrate that DT-2 and DT-3 are both capable of inhibiting cGPK under
conditions where the cAPK selective inhibitor PKI®24 and/or cAPK are present, we
established an in vitro reconstitution assay (Figure 2). In this assay cyclic nucleotide
concentrations of 1 pM were used, conditions under which cAMP will activate only
cAPK and cGMP will activate only cGPK. Figure 2 shows that cGPK and cAPK are
stimulated only by their specific agonists and inhibited only by their specific inhibitors
(DT-2/3 or PKI). The result could be verified with a mixture of both enzymes.

To further evaluate the physiological effects of DT-2 and DT-3 as selective cGPK
inhibitors in smooth muscle, we studied their effects on nitric oxide-induced

Table 1. Kinetics of inhibitory peptides.

Ki cGPK  Ki cAPK Specificity

Designation Sequence (M) (M) index

W45 LRKKKKKH 0.8 559 680

DT-2 Y GRKKRRQRRRPPLRKKKKKH 0.012 17 1375

DT-3 RQIKIWFONRRMKWKKLRKKKKKH 0.025 493 19 720

HIV-1 Tat (47-59) Y GRKKRRQRRRPP 11 26 24

Dros. Antp. (43-58) RQIKIWFQNRRMKWKK 0.97 107 110
cGPK

M
cAPK Il cGPK + cAPK
250 +

200 4

ili silill

CGMP - + -+ ++ | —+ - - - - 44 s+ T o - T 44+ + comp

(:AML>——+———}——++++H ————— ++++ +++ + CcAMP

PKI = - -+ -= | --<-4=--) --+=-- - 4=~ =-+-- PKI
DI-3 - - - - #+- | ----4-|-=--+- - -+4- =--4+- DI-3
DT-2 - - - - - +l----- +----+ =---+ =---4+ DI-2

Fig. 2. In vitro inhibition of cGPK and cAPK.
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vasodilation in intact arteries. The nitric oxide donor NONOate elicited a concentra-
tion-dependent dilation of pressurized rat cerebral arteries. Pretreatment of arteries
with cGPK inhibitors DT-2 or DT-3 for 20 min substantially impaired NO mediated
vasodilation: DT-2 (1 uM) significantly increased the EC5, for NONOate compared to
untreated vessels or vessels treated with the HIV tat carrier sequence alone. Similarly,
DT-3 (0.1 pM) significantly increased the NONOate EC;, compared to untreated ves-
sels or vessels treated with the Antennapedia carrier sequence alone. Nitric oxide re-
sponses in arteries treated with the carrier sequences were not significantly different
from those in untreated arteries. In all cases, the fusion peptides or carrier peptides
alone caused slight to moderate increases (<10%) in vascular tone.

Collectively, these data indicate that the combination peptides DT-2 and DT-3
translocate into smooth muscle cells in intact arteries and effectively inhibit
NO-induced vasodilation, presumably by inhibiting cGPK.
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Introduction

The efficacy of using positional scanning synthetic combinatorial libraries (PS-SCL)
for the identification of T cell ligands has been demonstrated in a number of studies
carried out by us and others [1]. The studies with PS-SCL for clones of known speci-
ficity when compared with the results from single substitution analogs [2] clearly
demonstrated that each amino acid within a peptide contributes to recognition almost
independently and in an additive fashion. Thus, the overall stimulatory value of a
peptide results from the combination of positive or negative effects of each of the
amino acids. This assumption has allowed the development of a new search algo-
rithm, which provides a predicted stimulatory score for a given peptide. This scoreis
the sum of position specific scores of the component amino acids in a given PS-SCL
screening data set.

Results and Discussion
We have recently reported a new strategy that integrates the data acquisition from
PS-SCL and protein sequence databases using a biometrical analysisin order to iden-
tify peptide ligands from proteins in databases for T cell clones of known [3] and un-
known specificity [4]. Peptides can be identified from database searches with
unprecedented efficiency and ranked according to a score that is predictive of their
stimulatory potency. The experimental data from the screening of a PS-SCL provides
information to generate a matrix. In the matrix the columns represent the position of
the peptide sequence, and the rows represent the 20 amino acids used in the PS-SCL.
The matrix entry for a particular amino acid in a specific position is based on the stim-
ulation index value for the mixture from the PS-SCL corresponding to that amino acid
defined in that position. The biometrical analysis then uses this matrix to score all the
peptides of the same length of the tested PS-SCL in all the proteins in the Genpept da-
tabase by moving a scoring window across the known protein sequences in one amino
acid increments. A predicted stimulatory score is calculated for all peptides. The ex-
ample shown in Figure 1 represents the scoring distribution for more than 23 million
peptides of the viral database that were scored based on the screening of T cell clone
GP5F11. It can be seen that a relative small number of peptides have the highest
scores, and the native epitope (Influenza virus hemagglutinin peptide, HA 309-318)
recognized by T cell clone GP5F11 is among them and ranked number 9. The database
analysis results in a list of peptide sequences, with their score and rank, and the pro-
tein identifier and its name. At this step, selected peptides are synthesized and their ac-
tivities are determined.

The predictive power of this novel strategy has been demonstrated for both CD4*
and CD8* T cell clones as well as G protein-coupled receptors for which the ligand is
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known. Also, the specificity of a cerebrospinal fluid derived T cell clone from a pa-
tient suffering from Lyme disease was elucidated, and a number of peptides represent-
ing both B. burgdorferi and human protein sequences were identified [4].
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Fig. 1. Scoring distribution for the decapeptidesin the viral database for T cell clone GP5F11.

It is important to note that this approach can be used to identify ligands within pro-
teins in databases for any molecular interaction that has been or can be studied with
PS-SCL composed of L-amino acids. Thus, the integration of data derived from
PS-SCL screening with proteomics and the biometrical analysis can be applied to bio-
logical targets having peptides as natural ligands, such as T cells, proteolytic enzymes
and cloned orphan G protein-coupled receptors.
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Introduction

Proteinases are essential components of awide variety of biological processes[1] such
as the digestion of food, the cascade systems of blood clotting and complement, acti-
vation of hormones, and the degradation of endogenous proteins. The regulation of
proteinase activity is, therefore, of great importance both in vivo, and for therapeutic
reasons. The gross physiological function of proteinase inhibitors is the prevention of
unwanted proteolysis. Inhibitors are associated with the prevention and treatment of a
wide range of disorders such as lung disease emphysema, liver disease septicaemia,
renal disease, arthritis and HIV prevention.

Bowman-Birk Inhibitors are small serine protease inhibitors found in seeds of le-
gumes and in many other plants. Their sequence consists of two tandem homology re-
gions on opposite ends of the same polypeptide chain. Each loop is linked by a
disulphide bridge and exhibits the consensus sequence CTP,;SXPPQC (X being any
amino acid residue) [2]. (P, following the notation of Schetcher and Berger [3]). It is
these “canonical” loops that interact with the proteinase. It is possible to reproduce the
loop region of this protein by short peptide sequences incorporating a minimal
disulphide-linked nonapeptide [4,5].

We have previously reported the synthesis of “one-bead one-peptide” cyclic pep-
tide libraries based on the sequence of the reactive site loop of the Bowman-Birk in-
hibitor [6]. This constrained loop was retained throughout the library whilst
randomising positions of the sequence considered to be important for inhibitory speci-
ficity. We now report the synthesis and screening of a positional scanning solution
phase library [7] based on the same template and randomising the four positions P,,
P,, P, and P,.

Results and Discussion

The positional scanning soluble library consists of four sub-libraries:
OCXXSXPPQCY “P4-lib"; XCOXSXPPQCY “P2-lib”; XCXOSXPPQCY “P1-lib”;
XCXXSOPPQCY “P2'-lib”; where X represents a mixture of 24 amino acids, whereas
O represents positions occupied by individual amino acids. The four sub-libraries only
differ in the position of the defined residue. Each of these groups consists of 24 pep-
tide mixtures representing a total of 331776 individual peptides. The amino acids used
for the randomisations were the common amino acids (except for Cys, but including
Abu, BAla, Nva, Nle, Orn). The library was synthesised semi-automatically using an
ABI 431A peptide synthesiser for the unrandomised amino acids of the sequence and
the Shimadzu PSSM-8 for positions of randomisation (X and O) within the sequence.
The synthesis was carried out using Fmoc synthesis, with HBTU/HOBt activation at a
4-fold excess. Randomisation was achieved using the split-mix method.

P4-lib, P2-lib and P1-lib were successfully synthesised and screened against
chymotrypsin, trypsin, subtilisin, porcine pancreatic elastase and human leukocyte
elastase.

Results of the screening of the three sublibraries are listed in the table below.
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From Table 1, it can be seen that specificity away from the P1-S1 subsite (at P4)
has been identified. Reassuringly the P1 results conform to known specificity of these
enzymes. Synthesis of P2-lib will enable the full sequences to be identified. Individual
peptides will then be synthesised and assayed against the enzymes.

Table 1. Summary of active residues at positions P4, P2, and P1 identified from the three
sublibraries.

P4 P2 P1
Chymotrypsin | T FY
Trypsin H K,N,D, T R, K
Subtilisin F Nva T, M
Porcine Elastase P 1,V, L T Nva
Human Elastase Nle Abu A, V,Nva, T
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Introduction

The use of atopological structure as a template for the construction of combinatorial
librariesis one of the recent advances in combinatorial chemistry [1,2]. Here we report
a (quasi)orthogonally protected template 1 [bicyclo-(K(Fmoc)CK(Dde)PGK (Boc)-
CK(Aloc)PG)] that appears to be very useful in solution-phase combinatorial synthe-
sis (Figure 1). This template has been synthesized in our laboratory in gram-scale [3].
The importance of this peptide lies in: (1) the rigidity of backbone-conformation [3]
and (2) the (quasi)orthogonal protection (Fmoc, Boc, Aloc and Dde). Its confor-
mational feature provides a molecular scaffold for constructing the library with a spe-
cific three-dimensional molecular surface. The orthogonal protection allows
site-selective assembly of building blocks.

Results and Discussion

The idea of the application of template 1 to solution-phase synthesis of libraries was
inspired by our observation that these bicyclic peptides appear to readily give quanti-
tative precipitation in diethyl ether. Starting with 47 umol of 1, we performed a solu-
tion (split) synthesis of a model library 2 containing 81 compounds. Assembly of the
selected building blocks (Table 1) followed such order: first at the B-site after the se-
lective deprotection of Boc, then at the F-site after the removal of Fmoc, the A-site af -
ter removal of Aloc and finally on the D-site after Dde-deprotection.

In each growth site, three different amino acids were introduced by three parallel
HBTU-mediated couplings. After incorporation of the three building blocks at the last
amine-moiety, the resulting three portions were separately subjected to deprotection,
acetylation and total cleavage reactions. The synthesis yielded three sub-libraries, each
having a defined residue (Nal, Pro or Glu) at the last coupling-step (D-site), hereafter
referred to as the Nal-, Pro- and Glu-sub-libraries, respectively. All reactions were
controlled by RP-HPLC. After each reaction, excessive reactants and byproducts
formed can be removed simply by multi-precipitation with diethyl ether [4]. Using this
method, (15 reaction steps), the Nal-, Pro- and Glu-sub-libraries were obtained in

Boc Aloc Ac-By Ac-A
Dde K Fmoc & Ac-D; % Ac-F; é
G/g T~ N "split" G/%’ T~ N
H P synthesis z P
K :_K K K
P/ \CE/ \ P _— \C E/ \ /
V. V.
1 S 2 S

Fig. 1. Schematic representation of template (1)-based combinatorial synthesis of a tetrapodal
library (2). B;: Phe, Ala or Asp; F;: Tyr, lleor Glu; A;: (D)-4-Cpa, Ser or (D)-Asp, with Cpa =
chlorophenylalanine; D;: Nal, Pro or Glu, with Nal = (L)-3-(2-naphthyl)alanine).
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crude yields (by weight) of 73%, 75%, and 80%, respectively. As shown in Figure 2,
RP-HPLC traces of these three mixtures indicate the presence of a reasonable number
of peaks in roughly equimolar ratio.

Table 1. The selected building blocks to be assembled on the four sites (A,B, D and F) of 1.

i A-site B-site D-site F-site
1 Fmoc-D-4-Cpa Ac-Phe Fmoc-Nal Fmoc-Tyr(OtBu)
2 Fmoc-Ser(tBu) Ac-Ala Fmoc-Pro Fmoc-lle
3 Fmoc-D-Asp(OtBu) Ac-Asp(OtBu) Fmoc-Glu(OtBu) Fmoc-Glu(OtBu)
A B C
T T T T T T
0 10 min 0 10 min 0 10 min

Fig. 2. HPLC analysis of three sub-mixtures. A: Nal-sublibrary, B: Pro-sublibrary, C: Glu-sub-
library.

The three sub-libraries have been evaluated using MALDI-TOF MS and
LC/ES-MS. Using these techniques, the theoretically expected 27 x 3 library com-
pounds were all detected and appeared as major components [5]. These analytical re-
sults validate the three synthetic mixtures, and aso show that the solution approach to
combinatorial synthesis with template 1 is reliable and very useful.
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4. An extractive washing with DCM/water is needed after every HBTU-mediated coupling.
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199



Peptides: The Wave of the Future
Michal Lebl and Richard A. Houghten (Editors)
American Peptide Society, 2001

Synthesis of Combinatorial Libraries Associated with Constrained
B-Turn Mimetics

James Dattilo, Chris Lum, Stephanie Beigle-Orme, Burt Goodman,
Vince Huber, Jeff Keilman, Cheryl Schwenk, Gangadhar Nagula,
Nataly Hawthorn, Jennifer Young and Tomas Vaisar
Molecumetics, Ltd., Bellevue, WA 98005, USA

Introduction

For several years we have investigated the preparation of compounds which mimic
B-turn secondary structures that are intrinsic to certain protein—protein interactions and
that are therefore able to effect antigen-antibody and ligand-receptor relationships. We
have shown in our third and fourth generation 3-turn mimetics that they express activ-
ity in targets such as opioid receptors and in GPCRs [1-3]. Based on the fourth gener-
ation template, we have applied similar procedures used in the production of our
B-sheet libraries [4] to generate libraries based on the template shown below.

R5
R4 NWAN,R1
R3 Nj/go
O R2
Results and Discussion

After the derivatization of hydroxymethyl resin with bromoacetaldehyde diethyl acetal
to give the corresponding bromoacetaldehyde resin, it is converted to various second-
ary amine resins, which represent the first point of diversity (R1). The second diver-
sity point (R2) is represented by an Fmoc amino acid coupled to the secondary amine.
After deblocking of the Fmoc group, an Fmoc-3-amino acid, which can represent mul-
tiple diversity points (R3 + R4), is coupled and deblocked. At this point the final point
of diversity (R5), represented by various reactions with the amine of the 3-amino acid,
is generated, completing thus the synthesis. The design of the library can be initiated
using the Afferent™ software, which permits the editing and importing diversity ele-
ments into reaction schemes. With the completion of the design, it can be exported to
the IRORI™ Synthman synthesis system [5] for implementation. The porous capsules
(Kans™) are sorted on the IRORI™ 10-X auto sorter to establish an association with
the radio frequency tag and the amine resin. The Kans™ are then sorted for each reac-
tion step and the cleavage.

The N-a-Fmoc amino acid derivatives are commercially available but there are a
limited number of Fmoc-B-amino acids that can be purchased and some are cost pro-
hibitive. We have taken three approaches in the synthesis of this key intermediate. The
first process creates diversity at the R3 position and utilizes the conversion of an
N-a-Fmoc amino acid to the acid chloride, then to diazoketone and finally to the
Fmoc-B-amino acid with silver benzoate and triethylamine [6]. The second approach
exploits diversity at the R4 position. The reaction sequence as described by Nagula et al.
[7] involves direct alkylation of pseudoephedrine (3-alaninimide followed by hydroly-
sis. The third methodology also involves R3 and requires the use of
N-a-Alloc-N-B-Fmoc diaminoproprionic acid [8]. The -amine is deblocked and reac-
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tions are conducted. The Alloc protected a-amine is then deblocked using
Pd(PPh;),,/PhSiH; and similar reaction scenarios are performed. After the synthetic
steps are completed, the Kans™ are sorted for cleavage into 48-well Bohdan mini-
blocks. The cleavages and cyclizations are accomplished simultaneously by treatment
with formic acid. The products are formatted into 96-well blocks and analytically
evaluated by mass spectroscopy to determine acceptability. The analysis is performed
by LCMS equipped with OpenLynx™ for retrieval of the data associated with the
compounds contained in the bar-coded blocks. The data is reviewed to reformat the
successful candidates and eliminate the failed compounds. The block is then ready for
the formation of daughter plates and/or the appropriate bioscreening.

Conclusions

The fourth generation B-turn bicyclic template has been incorporated into the IRORI
method of one compound per well combinatorial library production. As with its
B-strand predecessor, it was necessary to alter the reaction parameters to assure com-
pletion of each step of the process. In addition to the analytical evaluations of inter-
mediates, it also contains the same validation efforts in terms of test synthesis of the
amine resins, Fmoc-a-amino acids, Fmoc-3-amino acids and other key intermediates.
With the use of N-a-Alloc-N-f3-Fmoc diaminopropionic acid, the ability to conduct
reactions on the amine off of the R3 position gave us the potential for greater diversity
overall. By having these five points of variation on this template, it is easily possible
to create libraries ranging from 5000-10,000 compounds with a theoretical yield of
30 umoles per well. The success rate is typically 75-85% based on a purity level of
>80%.
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Introduction

Phage display peptide library is based on a combinatorial library of random peptide
fused to a minor coat protein of the filamentous M13 phage [1,2]. Phage display cre-
ates a physical linkage between a displayed selectable function and the DNA encoding
that function. This allows rapid identification of peptide ligands for a variety of target
molecules by an in vitro selection process. In this study, we screened the peptides,
which specifically bind with glucose oxidase (GOx), using phage display random pep-
tide library. In addition, in order to increase the affinity with GOx, a hybrid peptide
with two different binding sites was designed.

Results and Discussion

We screened the peptides that bind with the specific site of GOx using a phage display
random peptide library. Amino acid sequence (52-58 GSY ESDR) that is located near
the active site of GOx was selected as a target. Biopanning was carried out directly on
a bead at which the 7mer peptide was synthesized using Fmoc chemistry. Six groups
of the peptides were screened after the fourth panning selection.

Affinity of the selected peptides to GOx was investigated using SPR detector
(Biacore 3000). GOx, and galactose oxidase or bovine serum albumin (BSA) as a
control were immobilized on the sensor chip (Biacore, CM5) with a standard method us-
ing carbodiimide and N-hydroxysuccinimide. A HBS-EP buffer (Biacore; 10 mM
HEPES, 150 mM NaCl, 3 mM EDTA, 0.005% Tween 20, pH 7.4) containing the
screened 12mer peptides was delivered into the flow cell. The resulting SPR signal
showed that affinity of the selected peptide to GOx was observed. On the other hand,
affinity to galactose oxidase and BSA was over 100 times lower than GOXx. The disso-
ciation constant values K, were determined by variation of the peptide concentration,
as shown in Table 1. These peptides demonstrated the affinity with GOx at K value
of around 10* M.

Peptides that bind with the other site (197-203 GVPTKKD) of GOx were also
screened. Five plagues and 5 different sequences were obtained. Similarly, affinity of

Table 1. Ky value resulting from targeting 52-58 GSYESDR.

No. Sequence Kp (M)
A HPPMDFHKAMTR 54107
B APWPSPTHYLKD 1310
c HPMNMHRHGY Y 17107
D DPPTVLPKLAYR 24107
E QIPLMKGPGYMY 2.1.107
F YPHY SQPLYWRQ 6.5-107
G APAQAGQTQWPL 371072
H SVSVGMKPSPRP 8710
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the screened peptides was investigated. Table 2 shows the K, values, and the peptide
with the highest affinity showed K, at around 10° M.

Table 2. Ky value resulting from targeting 197-203 GVPTKKD.

No. Seguence Kp (M)
1 SLASSDIGWIGK 2.1.1072
2 CHPQPLKSRNPL 2.4107°
3 ACLITPQKGS 13107
4 NMLKSY SDMQPS 6.3107
5 LLRNRSKLPEPH 3.6107°

In order to increase the affinity with GOx, a hybrid peptide with two different bind-
ing sites was designed. A peptide binding with 53-58 and a peptide binding with
197-203 were conjugated with a peptide linker. Hybrid peptides with various linker
lengths were synthesized and the affinity with GOx was investigated. Hybrid peptides
with 14 or 15 amino acid linker were synthesized. These peptides indicated K value
to be around 10~ M, which was the same level of Peptide2 only. This is due to too
long and flexible linker, and hence, Peptide A with smaller binding constant cannot
bind with GOx. Subseguently, hybrid peptides with a short linker were designed. Ta-
ble 3 shows K values of hybrid peptides with a short linker against GOx. The in-
crease in the affinity between synthetic peptide and GOx was observed. The hybrid
with a 3mer linker showed the highest. In conclusion, we clarified that peptide hybrid
can enhance the binding affinity to the target.

Table 3. Ky value of hybrid peptide.

No. Sequence Kp (M) Linker length
1 Peptide2®-GGG-PeptideB 1510 3
2 Peptide2-G-PeptideA 2,010 1
3 Peptide2-GG-PeptideA 7.3107° 2
4 Peptide2-GGG-PeptideA 4710 3
5 Peptide2-HFH-PeptideA 2.8107° 3
6 (Peptide2-HFH-PeptideA)? 4210 3
7 Peptide2-FL F-PeptideA 6.310° 3
8 Peptide2-GGGG-PeptideA 5.2.107° 4
9 Pepti de2-EFHFE-PeptideA 25107 5

10 Peptide2-GGGGGG-PeptideA 9.8107* 6

11 Peptide2-GGG-PeptideB 32107 3

12 Pepti de2-GPG-Peptide2? 29107 3

13 Peptide2-HFH 1.8107° -

@ Reverse seguence.
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Introduction

RNA, as one of the biomolecules with the most structural and functional diversity, is
an attractive therapeutic target [1]. Employing combinatorial chemistry methods,
small peptide ligands were found, which bind to a short RNA with important biologi-
cal functions. A 23nt RNA-oligonucleotide from the Cholesterol Ester Transfer Pro-
tein MRNA (CETP-RNA) was chosen as the molecular target [2]. Tetrapeptide
libraries, composed of the amino acids Lys, Tyr, Leu, lle and Arg were synthesized by
a combination of combinatorial and divergent solid phase synthesis. Gel-shift affinity
screening was used to extract the peptides with the best RNA binding properties. The
peptide Lys-Tyr-Lys-Leu-Tyr-Lys-Cys-NH, 1 showing micromolar affinity to its
RNA-target was characterized with Circular Dichroism (CD)-, Ultra Violet (UV)-mea-
surement and *H-NM R-spectroscopy and tested for its physiological activity.

Results and Discussion

We screened the (polyethyleneglycole)-PEG derivatized peptides (Figure 1) for high
affinity to this target molecule by non-denaturating gel-electrophoresis. Each library
contains 625 different peptides. The libraries were synthesized as 25 mixtures of 25
different peptides and cleaved from the resin. They were then attached to a
PEG-Linker via a Cys [3]. The PEG-derivation was necessary to obtain a larger
gel-retardation of the RNA-oligonucleotides that were used for selection of the stron-
gest binders. At first, 25 mixtures of 25 peptides (25 x 25 = 625 peptides) wererun in
25 lanes of a non-denaturating polyacrylamide gel with the target RNA. Afterwards,
the mixture containing individual peptides exhibiting the largest gel-shift and the
highest content of hydrophobic amino acid residues were synthesized individually and
run through the gel shift assay to obtain the best binding sequences. The peptide se-
guence Lys-Tyr-Lys-Leu-Tyr-Lys-Cys-NH, 1, found by that procedure, has the same
or better affinities as full basic peptides, the hydrophobic side chains of Leu and Tyr
enhance the sequence specificity.

Peptide ligand 1 has a strong binding affinity to the 23nt CETP-RNA, wheras an af -
finity to the 28nt ATAR-RNA [4] cannot be detected in the gel shift assay with equal
concentrations (data not shown). To prove the binding specifity to the CETP-RNA by
CD, UV and NMR experiments [5], as well as for the physiological tests, 1 was
synthezised again without PEG derivatization.

A lower CETP activity was detected by areduced cholesterol ester transfer. Groups
of three mice were injected (i. v.) with 1 (100 mg/kg) or 0.9% NaCl (control group)
and a blood sample was taken (Table 1). Because it was possible to take blood only
once, for each time point a different group of mice was used. Each value corresponds
to the median of three mice. In case of a stronger lowering of the cholesterolester
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transfer, as in the control group, the CETP-activity should be lowered. The stronger
reduction of the CETP-activity as in the control group after 15 min is unclear. Only 2
mice were used for this experiment. After 90 min the mice treated with 1 show a clear
reduction of the cholesterolester transfer.

library: K _ _X X K C(-S-PEG)-NH,
g2 g

- o -

RNA/
Peptide-PEG

RNA

O R y O R 4 O R 4 O
HZN\__)J\NJ}(NJN)\WN\:)LN)}(N\:)&NHZ
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O, S
H
N N
/O\%/\oﬁ/y \ﬂ/\/
n o o ¢ -

wio LI LL IK IR 1Y Il IL YK YR YY YI

Fig. 1. Polyethyleneglycole (n ~100) derivatized peptide library (R = side chains of Ile, Lys,
Tyr, Arg, Lys, R = side chain of Lys) screened by non-denaturating gel-electrophoresis.

To check the stability of the peptide 1 under physiological conditions, 1 was incu-
bated with mouse serum (10%) for 24 h and analyzed by HPLC. After 24 h, more than
90% of the peptide was still unchanged.

Table 1. Averaged rate of cholesterol ester transfer between HDL and VLDL in pmol/h in
mice measured after the given time after injection of physiological salt solution and 100
mg/kg of 1.

0 min 15 min 0 min 30 min 0 min 60 min 0 min 90 min

0.9% NaCl 75.83 128.67 85.02 15.13 115.87 108.9 105.8 91.33
100 mg/kg 1 85.4 98.05° 107.83 15.53 122.77 120.73 161.7 64.3

@ Only two mice.
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Introduction

In order to comprehensively chart protein-protein interactions for the human
proteome, our group generates approximately 1000 peptides per month. Highly paral-
lel peptide synthesis by Fmoc chemistry is achieved using Mimotopes SynPhase™
solid phase support [1] in 96 well microtiter plates. Accuracy in this manual assembly
method is facilitated by a PinPal™ Amino Acid Indexer [2]. Common steps (e.g.,
deprotection and washing) are performed batchwise on the synthesis crowns, in order
to optimize economy, and throughput. Even after trifluoroacetic acid (TFA) cleavage,
samples continue to be handled in parallel during ether precipitation, washes,
re-dissolving, and lyophilization.

Results and Discussion

The peptides (shown in Figure 1) we generated for this study ranged from 12-15
amino acids and include ligands used for binding with WW, SH2, SH3, PDZ, and EH
protein domains. All peptides contained a Lys-Lys-Lys-Gly spacer that is necessary
for our affinity binding assay, and also serves to improve the solubility of peptides. A
dansyl group served as a chromophore (330 nm) to facilitate peptide quantitation and
was attached to the side chain of the last spacer lysine. The N-terminus biotin served
as a“handle” for quantitation of peptide binding in AxCell’s high throughput screen-
ing assay.

As a solid phase support we use Mimotopes (Clayton, Victoria, Australia)
SynPhase™ acrylic-grafted polypropylene crowns with a preloaded linker. The
crowns were arranged in 12 X 8 format and there were 10 X 96 crownsin each synthe-
sis. In order to optimize throughput and economy, Fmoc deprotection was carried out
in a polypropylene tub containing 20% piperidine, and all crowns were immersed in
the bath for 1 h. Washing steps were performed similarly in tubs containing DMF or
methanol. By doing these common steps batchwise, we increased the throughput. By
reusing the piperidine baths through the entire synthesis, we achieved economy.

The couplings were performed in ten deep well microplates. The key step is to de-
liver the amino acid solutions (250 uL, 0.2 M) to the appropriate wells. This was per-
formed with the aid of the PinPal™ Amino Acid Indexer (see Figure 2). The PinPal ™
contains 10 LED boards in 96 well format. It is driven by proprietary software that
first processes the peptide sequences for synthesis, and then lights up LEDs under the
individual wells of 10 deep-well microplates, indicating the appropriate amino acid to
be delivered for each peptide in each coupling cycle. After dispensing amino acid so-
lutions, the activating solution of HOBt/HBTU/DIEA (250 uL/well, 0.2/0.2/0.4 M)

. . . /
Biotin = Lys(D 1)-Lys-Lys-GI Peptide Ligand Sequence
[ H ys(Dansyl)-Lys-Lys-Gly ]—[ P g q aQ
X
Fig. 1. Peptide ligands. X = OH, peptide acid; NH,, peptide amide.
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Fig. 2. PinPal™ Amino Acid Indexer.

was dispensed to all wells. Finally the crowns were immersed in the amino acid cou-
pling solution in the plates for a minimum of 2 h.

When assembly was completed, the peptides were cleaved off the solid support by
immersing the crowns into wells of microplate containing 0.5 mL/well Reagent R for
2 h. Then the crowns were removed, and the resulting cleavage solutions were concen-
trated under vacuum to approximately 0.2 mL/well using the GeneVac. The concen-
trated cleaved peptide solutions were transferred into a Robbins (Sunnyvale, CA)
FlexChem™ block containing cold methyl t-butyl ether (MTBE) (1 mL/well). The
block was then sealed, shaken and flipped. After they precipitated out, the crude
peptides were filtered using a vacuum manifold and washed twice with MTBE (1 mL/wdll).
The peptides were dissolved in 1 mL/well of water/acetic acid/acetonitrile (80 : 10 :
10) and lyophilized by GeneVac (Valley Cottage, NY) prior to characterization. High
throughput liquid handling was facilitated by HYDRA™ 96 (Robbins), which con-
tains 96 glass and Teflon syringes for parallel handling. It helped: (1) dispense cock-
tail to microplates; (2) aspirate concentrated cleaved peptide solutions from
microplates and dispense them into new microplates; (3) dispense MTBE to micro-
plates to precipitate out or wash peptides; and (4) dispense solution to microplates for
dissolving peptides while preventing cross-contamination.

In summary, we have developed a high throughput method to generate peptides by
using parallel synthesis. The PinPal™ Amino Acid Indexer, (combined with operating
software developed in house) and HYDRA™ 96, are very important for us to achieve
rapid and accurate peptide synthesis. With them we are able to generate about 1000
peptides (12—25mers)/month with only one chemist.
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Introduction

Synthetic peptide libraries have been shown to represent tools in elucidating molecular
interactions in T cell mediated immune response [1,2]. New reliable synthetic con-
cepts and bioassays were developed to describe peptide-MHC interactions in a quanti-
tative way [3]. Two-dimensional databases, describing perfectly the allele-specific
peptide binding to many MHC class | and Il alleles, have been generated using puri-
fied MHC molecules. The databases are used for the design and synthesis of so-called
directed peptide and nonpeptide libraries, which are applied to study antigen recogni-
tion of T cells from patients with autoimmune diseases. The knowledge about interac-
tions within the trimolecular complex (MHC-peptide-TCR, Figure 1) is used for our
new algorithm EPIPREDICT predicting MHC class |l self and foreign ligands T cell
epitopes.

Results and Discussion

Two valuable Internet programs predict MHC restricted potential T cell epitopes. The
first program is based on sequence motifs from isolated natural peptide libraries and
experimentally determined natural T cell epitopes [4]. The second recently developed
prediction program is based on complete allele specific HLA class 11 ligand-binding
motifs determined from synthetic peptide libraries [5].

The binding contribution of every amino acid side chain in a class Il-ligand is de-
scribed by allele-specific two-dimensional data bases (Binding Patterns) which are
now generated for a growing list of HLA DR and DQ alleles. Furthermore, with this
combinatorial approach the relative contribution of all residues within peptide

T-Cell Receptor
SA-A-A-A-A-A-A-A-A- Peptide
243 S 748 l MHC-Class Ii

Fig. 1. Interactions within the trimolecular complex.
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epitopes to T cell activation can be quantified and specific Recognition Patterns are
deduced [1,3]. These quantitative matrices — describing the interactions within the
trimolecular complex — represent optimal data bases for the prediction of HLA class
[1-ligands and class Il-restricted T cell epitopes (Figure 2). Compared to other meth-
ods, the accuracy of epitope prediction via EPIPREDICT is clearly improved as
shown by prediction studies for already known T cell epitopes. Moreover, new T cell
epitopes for IgA-protease of Neisseria were successfully identified. An epitope predic-
tion for any desired protein antigen (up to 3000 amino acids) from common protein
data bases is possible as demonstrated in the search for novel autoantigens in juvenile
arthritis and coeliac disease [6,7]. Suggested peptide sequences are ranked according
to the predicted epitope probability and thresholds can be introduced freely by the
user. EPIPREDICT together with the HLA class Il alele-specific matrices is accessi-
ble for scientific use in the Internet, allowing a permanent upgrading of its prediction
possibilities [6,7].

;UXIUI'I'IUJ—|ZOOJ>'UO‘§‘<I_‘_‘E-<TI

Fig. 2. Two-dimensional HLA class Il allele-specific matrix for DRB1*0101. The darker the
colour, the better is the binding to the shown amino acid on this position.
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Introduction

The search for new drugs and synthetic vaccines by screening the vast diversity of
chemical structures is one of the most challenging goals of modern synthetic chemis-
try and molecular biology. While nature uses the three-dimensional structures of linear
sequences of amino acids in peptides and proteins in nearly al the life processes,
chemistry makes in principle accessible the whole structural space of chemical com-
pounds and artificial protein architectures. But the de novo design of artificial archi-
tectures with predefined structure—function relationship is still a challenging problem,
due to the unknown theoretical concepts in which nature rules a linear sequence to
fold and to interact with a molecular ligand. In contrast, combinatorial chemistry al-
lows the search for new structures with predefined function by screening the diversity
of synthetic libraries. While the synthesis and screening of chemical libraries is quite
routine both as bead- [1] and array-type libraries [2] since their introduction a decade
ago, the development of new devices for their preparation can greatly simplify and
boost their application for the search towards new drug-like compounds.

Results and Discussion

For the search for passive repressors of HIV-1 long terminal repeat enhancer con-
trolled transcription, we have screened the sequence space of artificial peptide struc-
tures derived from the DNA-binding domain of the bacteriophage 434 repressor with
combinatorial chemical libraries. Both “one bead-one compound” libraries and
high-density compound arrays were employed. While bead-type libraries were estab-
lished by conventional “split-mix” technology [1], the preparation of high-density
compound arrays on porous membranes using the SPOT technology [2] needed a pre-
cise and high-throughput pipetting system for the delivery of chemical compound so-
[utions due to the enormous number of compounds established in these libraries. For
example, the manual preparation of compound arrays on porous membranes exploiting
the conventional SPOT technology in a microtiter format of 8 x 12 = 96 compound
positions on an operational space of 129 mm x 87mm needs the finest available man-
ual pipette (e.g. Eppendorf Research 2.5 ul) and the delivery of a 0.2 to 0.7 pul fluid
volume. A complete combinatorial chemical library derived from a peptide sequence,
which is randomized in 3 or 4 positions with the 20 natural amino acids, consists of
8,000 and 160,000 compounds, respectively. By using the manual SPOT synthesis 84
and 1667 membranes in a microtiter format are needed. This means a total operational
space of 0.94 m? (1.0 m x 1.0 m) and 18.70 m? (4.3 m x 4.3 m), and, in conclusion, an
enormous amount of chemicals both for the synthesis and screening procedures.

We report here the development of a new pen-directed, semi-automated and com-
puter-navigated plotter device for the synthesis of combinatorial chemical libraries as
membrane-type spatialy adressable high-density compound arrays (Figure 1). It al-
lows the synthesis of up to 10,000 preparations of distinct compounds or mixtures in
distinct sublibraries on a microtiter operational space (129 x 87 mm) or up to 55,000

210



Synthetic Methods

Fig. 1. Images of the flat-screen computer-plotter device for the preparation of high-density
microarrays of combinatorial chemical libraries on porous membranes.

distinct preparations on an A4 operational space (297 x 210 mm). Both permanently
fixed compounds for the direct screening on solid support and compounds ready for
the elution by agueous buffers for the screening in solution can be prepared. While the
porous membrane is used as a solid support, a teflon-made conventional plotter pen
with solutions of chemicals is used for the distribution to the positionally adressable
array. The contact time between the pen and membrane determines the distributed
fluid quantity and the spot size. Using this technology ligand-DNA interactions with
the goal to find new repressors of HIV-1 LTR enhancer controlled transcription were
screened. This technology is now further developed towards an automated synthesis
device using the Mitsubishi RV-M1 Movemaster EX robotic platform.
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Introduction

We present a novel approach for the construction of large arrays of synthetic protein
domains. A combination of SPOT synthesis [1] and native chemical ligation [2] was
applied to generate 6859 variants of the hY AP WW protein domain [3,4] consisting of
38 amino acids. Leucine 30, histidine 32 and glutamine 35 were substituted by al
other L-amino acids (excluding cysteine) resulting in 19 x 19 x 19 = 6859 variants.
The C-terminal parts of the protein domains were prepared by SPOT synthesis creat-
ing 6859 C-terminal peptides comprising 24 residues with variations in the positions
described above and an N-terminal cysteine. Full length protein domains were assem-
bled upon ligation of a thioester-peptide comprising the remaining 14 residues. The li-
gation site (originally a serine) had been identified in previous studies [5].

Results and Discussion

The combination of SPOT synthesis and native chemical ligation allows the construc-
tion of full length cellulose bound peptides. In a quantitative monitoring experiment of
the ligation of a model peptide with this strategy we found that the reaction was com-
pleted after 2 h (data not shown).

Employing this combination of techniques we were able to synthesize an array of
functional variants of the hY AP WW protein domain. The wildtype (wt) domain was
detected by HPLC-MS analysis of the wt spots in the array (data not shown).

The array of WW domains was screened with the natural ligand. 3D representation
of the spot signal data (see Figure 1) reveals details of the molecular interaction be-

Fig. 1. 3D representation of spot signal data obtained by binding studies with an array of syn-
thetic WW variants and a dye-labeled peptide ligand (GTPPPPYTVG). The intensity of a spot is
depicted by the color of the corresponding cubicle (dark = strong signal). WW domain wt =
L30, H32, Q35 (circle).
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tween ligand and WW domain: Two lines mark a plane of cubicles that represent WW
variants with His in position 32. The clustering of cubicles in this plane indicates a
strong substitutional preference for Hisin position 32. Similarly, clustering of cubicles
along Ile 30 suggests a substitutional preference for lle in position 30, which is partic-
ularly remarkable because it differs from the wildtype residue (Leu) in this position. In
addition a number of cubicles can be identified representing WW variants that differ
from the wildtype WW domain in all three sequence positions that were varied in this
study.
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Introduction

What is the value of the ethical pharmaceutical market? What is the share of the pep-
tides and proteins market within it? Is it worthwhile to invest in research in that field
with the hope of finding new drugs? Do we, as scientists, have a future when starting
our career in the isolation, synthesis or production of peptides and proteins?

Results and Discussion
With $265 billion worldwide the ethical pharmaceutical market has increased by over
10% in 2000 versus 1999. All “peptide” products (synthetic peptides; peptido-
mimetics, proteins including antibodies but excluding vaccines) are worth $28 hillion;
this total value can be split into 3 sub-groups of products:

Recombinant proteins: $14 billion

Monoclonal antibodies: $4 billion

Synthetic products: $10 billion

Advantages and disadvantages of peptides are well known; they are summarized in
Table 1.

Table 1. Advantages and disadvantages of peptides

Advantages Disadvantages

High activity Low ora bioavailability
High specificity Usually injected

No accumulation in the organs Cost of synthesis

Low toxicity

The method of administration, and the low bioavailability, implies that peptides
should be used mainly for treatment of acute diseases and should be less valued for
chronic treatments, at least when no specific formulation can be used. The exception
to thisisinsulin, which has not yet been replaced, even if multi injections have to be
made daily. Peptides are used in a variety of indications as shown in Table 2.

Table 2. Uses of peptides.

Allergy/Asthma Analgesia Antiviras

Arthritis Baldness Calcium metabolism
Cancer Cardiovascular CNS

Diabetes Epilepsy Gastro-intestinal
Growth Gynecology Haemostasis
Immunity Impotency Incontinence
Infection Inflammation Obesity
Ophthalmology Vaccines Diagnostic
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Table 3 shows the composition and an indication of the “pipeline’ of the 3 sub-
classes.

Table 3. Composition and an indication of the “ pipeline” of the 3 sub-classes.

Recombinant proteins Monoclonal antibodies Synthetic peptides

Marketed > 50 products Marketed > 20 products Marketed > 40 products

Pre-registration and Phase 11
> 20 products

Phase Il > 60 products

Pre-registration and Phase 111
> 40 products

Pre-registration and Phase 11
> 20 products

Phase Il > 60 products Phase Il > 45 products

What are the new registered products and the ones just waiting for approval? Table 4
shows recently registered products and their indication, whereas Table 5 shows prod-
uctsin Phase I11.

Table 4. Recently registered products.

Integrilin Cardiovascular
Bivalirudin Cardiovascular
Atosiban Gynecology
VIP Impotency
Techtide P 289 Diagnostic
Groliberin Diagnostic
Table 5. Products in phase I11.

Pramlintide Diabetes

SPC 3 HIV
Pentafuside (T-20) HIV

Abarelix Cancer
Ambamustine Cancer
Ziconotide Analgesia
Protegrin Infection
SF-250 Infection

What are the arguments that make us more optimistic than a decade ago about the

future of peptides? First of all, the arrival on the market of many proteins with invalu-
able activities, which in any case will have to be injected. All major pharmaceutical
companies now have recombinant proteins or monoclonal antibodiesin their portfolio.
Why should these companies accept to market a protein of 300 amino acids and not a
peptide of 40, both being injectable? Biotech companies have helped a lot in this
change of attitude and we should be grateful to them!

Secondly, the development of formulations which are much less stressful for the
patient than injections, is booming; from the classical biodegradable polymers which
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slowly liberate the drug, to the non-degradable implants incorporating membranes,
which make them work as osmotic pumps; from transdermal powder injection to so-
phisticated tools allowing for custom tailored particles to be inhaled directly into the
lungs. There are over 50 companies specializing in this field.

Thirdly, the costs have to be addressed. The production of amino-acid derivatives
and of peptides has never been an industrial market because all quantities needed have
always been too small to obtain real economies of scale.

Even now, because of the diversity of the products and the strategies used it is still
a “niche market”, but this is changing as the cost of reagents have reduced tremen-
dously in the last three years. Would Bruce Merrifield have believed it 30 years ago if
someone had told him that solid-phase synthesis would be performed in reactors of a
few hundred liters? The development of chromatography technologies (equipment and
phases) has also helped in reducing the costs of purification, which finally alows
peptides to be produced at a cost/efficacy ratio fully comparable with other complex
API's,

Finally, the success of the Human Genome Project with as a consegquence the devel-
opment of proteomics and the unbelievable number of sequences which will have to
be synthesized will undoubtedly give more peptide leads from which we strongly be-
lieve that some blockbuster drug will emerge.

Will these products be manufactured by recombinant technol ogies and fermentation
or will they be strictly synthetic is just a question of cost...
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Introduction

The sea is a great source of biodiversity, because life conditions there create unique
mechanisms of chemical defense. Herein, the solid-phase total synthesis of Trunk-
amide A [1] and Kahalalide F [2] (Figure 1), two cyclic peptides from marine origin
which are currently in preclinical and clinical phase | trials respectively, are discussed.
Trunkamide A contains a thiazoline heterocycle and Ser and Thr with the hydroxy
function modified as reverse prenyl (rPr). Kahalalide F contains: (i) an ester bond be-
tween two sterically hindered amino acids (Val and D-allo-Thr); (ii) the didehydro-
amino butyric acid (Dhb); and (iii) arather hydrophobic sequences with two fragments
containing several B-branched amino acids in a row, one of them terminated with an
aliphatic acid. Common features of both syntheses are: (i) solid-phase peptide chain
elongation using a quasi orthogonal protecting scheme with allyl, t-butyl, fluorenyl
based groups, on a chlorotrityl resin; (ii) concourse of HOAt based coupling reagents;
and (iii) cyclizations in solution.

Results and Discussion

Trunkamide A

The reverse-prenylated derivatives were prepared from Fmoc-Ser/Thr(tBu)-OH ac-
cording the following pathway: (i) orthogonal protection of the carboxyl group in
form of its trichloroethyl ester by reaction with the appropriate alcohol, DCC, and
DMAP; (ii) removal of the t-butyl groups with TFA/H,O (19 : 1); (iii) formation of the
1,1-dimethylpropionyl ether by reaction with the corresponding trichloroacetimidate;
(iv) partial reduction of the triple bond to the double bond by catalytic hydrogenation
in the presence of Pd/C and quinoline; and (v) removal of the trichloroethyl ester with
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D-Phe-Tzn H D-alloThr
N
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Fig. 1. Sructures of Trunkamide A and Kahalalide F.
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Zn and NH,OAc. For the activation of the thioacid, the 1-(N-Fmoc-D-thionophenyl-
alaninyl)-6-nitrobenzotriazole [Fmoc-D-Phe(S)-NBt] derivative was used.

The linear sequence was synthesized on the CITrt-Cl-resin. The partial incorpora-
tion of Fmoc-Pro-OH (0.5 equiv) was performed in the presence of DIEA (2 equiv).
The incorporation of the first six protected amino acids was carried out using DIPCDI
as the coupling reagent. The reverse-prenylated derivatives were incorporated with an
excess of 1.7 equiv. The last Ser unit was incorporated with an unprotected hydroxy
side chain. Finally, the Fmoc-D-Phe(S)-NBt coupled very smoothly to give a negative
ninhydrin test after 90 min. Cleavage of the reverse-prenylated peptide was carried out
very smoothly with HFIP/CH,CI, (1 : 4). The macrocyclization was carried out with
PyAOP/DIEA. The formation of the thiazoline ring was performed in a single step by
exposure of the B-hydroxy thiopeptide to DAST (Figure 2).

Fire Pro-CH DIFA
£=05Smml/g
H DS S TP Saffrele Aafro () &= Fmoc-Pro-0—() <— c—Q
HAP/GH A, (1:4) SPS: DIPQI O I
H- D-Pre(S-SerThr(rPre)-Ser(rPrele-Aa-Pro-CH c Q A

l PYACP/ DIFA ci O

Fig. 2. Synthetic strategy for Trunkamide A.

Kahalalide F
The linear sequence was also synthesized on a CITrt-Cl-resin. The limited incorpora-
tion of Fmoc-D-Val-OH (0.2 equiv) was performed in the presence of DIEA (2 equiv).
The elongation of the peptide chain was carried out using the Fmoc/tBu strategy. The
D-allo-Thr and the Thr precursor of the Z-Dhb were both introduced without protec-
tion of the hydroxyl function. HATU-DIEA was used for all the amide formation.
The esterification with Alloc-Val-OH took place quantitatively with
DIPCDI-DMAP. Removal of the Alloc group was carried out with Pd(PPh;), (0.1
equiv) in the presence of PhSiH; (10 equiv) under an atmosphere of Ar. The double
bond of the didehydroamino acid was formed on the solid-phase through a 3-elimina-
tion reaction (left strategy), using a method developed recently in our laboratory,
which uses EDC (100 equiv) as activating reagent of the hydroxyl function in the pres-
ence of CuCl (60 equiv) in DMF-CH,CI, (5: 1) for 6 days. Alternatively, the dipep-
tide Alloc-Phe-(Z)-Dhb-OH (5 equiv), which was prepared in solution from
Alloc-Phe-OH and H-Thr-OtBu with EDC, and subsequent dehydration with EDC
(6.5 equiv) in the presence of CuCl (2.7 equiv) and treatment with TFA, was coupled
with HATU-DIEA (5:10) for 16 h with a further recoupling for 3 h. Before the
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cleavage of the protected peptide from the resin [TFA—CH,CI, (1: 99), 5 x 0.5 min],
the Alloc group was removed as described above. The cyclization step was performed
with PyBOP-DIEA in DMF for 1 h. Final deprotection was carried out with
TFA-H,0 (95: 5) for 1 h (Figure 3).

Fmoc-DVal-OH, DIEA
f=0.17 mmol/g
Fmoc-Dalle-paThr-DVal-pale-b VaI—O—O ~— Fmoc-palle-paThr-oVal-oalle-d VaI—O—O = F"‘°°*"""-°—O -— CI—O

O-Val-Alloc OH |"
I Alloc-Val-OH SPPS: HATU/DIEA 0
'VL DII’CDI/DMAP (10%)
s o=~ )Q
eHex—nVaI—Tl? r-Va I—Val—uPro—Om—nalle—na‘ll'hr—nVaI—naIIe—nVaI—O—O o
Bu Bbe 0O-Val-Alloc ‘
SPPS |,‘|'
5MeHex—DVaI—Tr; r-Va I—Val—uPro—Om—nalle—DaThr—nVaI—DaIIe—DVaI—O—o Alloc-Phe- ZDhb-OH (5 eq)
Bu Boc O-va I—Tr||r—Phe-AIIoc HATU/DIEA (5:10) (16 h + 3)

OH
SMeHex-oVal-Thr-Val-Val-oPro-Om -oall e—Da'II'hr—DVaI—DaIIe—DVaI—O—O

EDC (100 eq) / CuCl (60 equiv) Bu Boc O-Val-ZDhb-Phe-Alloc
DMF/DCM (5:1), 6 days

l’d(PPH;),/I’hSiH 3
5MeHex—DVaI—Tt; r-Val-Val-pPro—Om -palle-paThr-pV aI—DaIIe—DVaI—O—O
Bu Boc 0O-Val-ZDhb-Phe-H

TFA/DCM (1:99)
5MeHex-DVaI-TI} r-Val-Val-DPro-Om -palle-DaThr-pV al-Dalle-DVal-OH

Bu Boc 0O-Val-ZDhb-Phe-H
PyBOP / DIEA
5MeHex-bVal-Thr-Val-Val-DPro-Om-Dall e-DaThr-DV al-Dalle-DV al
tBlu Boc O—VaI—ZDhb—Phe—/

TFA/HIO (95:5)
5MeHex-pVal-Thr-Val-Val-pPro-Om-palle-paThr-pVal-palle-pVal-,
J)—VaI—ZDhb—P he:

Fig. 3. Synthetic strategy for Kahalalide F.
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Introduction

Cyclic peptides with alternating D- and L-amino acids can oligomerize to tubular
structures where the peptide backbone adopt a flat disc like conformation. Such struc-
tures, usually called nanotubes can be formed by polymerisation of octameric cyclic
peptides and has been found to have interesting properties such as pore formation in
phospholipid membranes. These structures have been investigated in a number of
studies by Ghadiri’s group [1].

Aswe were interested in the structural requirements for nanotube formation, in par-
ticular the properties of large cyclic peptides with alternating D- and L-amino acids,
we initiated a study to investigate the reaction conditions for the solid phase synthesis
and cyclization of this class of peptides.

Results and Discussion

Solid phase peptide synthesis was carried out with the Boc/benzyl strategy. Anchoring
of the first amino acid was first carried out by coupling of Boc-Glu-OAllyl to a
MBHA resin (1.27 mmol/g), but in the end of the synthesis it proved difficult to re-
move the allyl protective group completely, probably largely as aresult of aggregation
of the peptide.

We therefore carried out the synthesis with Boc-Glu-OBzl as the first amino acid as
the benzyl ester can be cleaved by low TFMSA [2], reaction conditions under which
the linkage of the peptide to the resin is stable. Solid phase peptide synthesis pro-
ceeded without problems up to the coupling of the 6th amino acid when a dramatic
(=30%) shrinkage of the resin was observed. Coupling of this residue was far from
complete as shown by a strongly positive Kaiser test, even after two couplings with
TBTU/HOBt. However, remaining amino groups could be acylated after 30 min with
TFFH [3].

These problems suggest the formation of (3-sheet like structures and all the follow-
ing couplings were therefore performed by the in situ neutralization method devel oped
by Kent [4].

Cyclizations were carried out with a seven different procedures (Table 1). Reac-
tions were carried out for 20 h. The best yields were obtained by BOP/DIEA in DMF.
For al other procedures different side products could be observed. Based on results
from mass spectrometry we suggest that carbodiimide gives rise to N-acylurea.

Synthesis of the linear form of 16-residue peptide proceeded without problems and
the HPLC eluation profile is shown in Figure 1. Cyclization proved to be more prob-
lematic though, and the results after 40 h activation/cyclization with BOP/DIEA in
DMF is shown in Figure 1. Mass spectrometry indicated apart from unreacted linar
peptide, the presence of the desired cyclic hexadecapeptide but also products that
probably correspond to linear and cyclic dimers.

We conclude from this, and similar studies that we performed on other peptides,
that peptides with alternating D- and L-amino acids are prone to aggregation during
the synthesis after 6 to 8 residues and that the synthesis is best performed with Boc
chemistry where in situ neutralization method can be used. The success of the
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Table 1. Cyclization of DL-octapeptide:
H-DVal-Lys(Fmoc)-DVal-Lys(Dnp)-DVal-Lys(Fmoc)-DVal-Glu(MBHA)-OH.

Yield (%)?
Cyclization procedure
cyclic linear side products

BOP 3 eq, DIEA 6 eq, DMF 33 54 13
BOP 3 eq, DIEA 6 eq, DCM 20 69 11
TFFH 3 eq, TMP 6 eq, DCM 13 67 20
TFFH 3 eq, HOAt 1 eq, TMP 3 eq, DCM/DMF 14 65 21
HATU 2 eg, HOAt 2 eq, TMP 4 eg, DCM/DMF 20 70 10
DIPCDI 2 eq, HOBt 2 eq, DCM/DMF 9 71 20
DIPCDI 3 eq, HOAt 3 eq, DCM/DMF 11 70 19

@ As determined by RP-HPLC (analytical C;g, 420 nm) and MALDI-TOF MS.

«— linear ) .
linear cyclic

‘L cyclic dimers

a b
w“w.ﬁ_

Fig. 1. Analytical RP-HPLC (C,g, 420 nm) profiles of crude hexadecapeptide: a linear form,
b BOP 3 eq, DIEA 6 eg in DMF, cyclization 40 h.

cyclization step is very dependent on the sequence of the peptide but, asin the case re-
ported in this presentation, the rates of cyclization can be very slow.
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Introduction

Src homology (SH) domains are building blocks involved in intracellular signal trans-
duction [1]. Previous work has defined and demonstrated consolidated ligands, which
combine in the same molecule peptide sequences recognized by SH2 and SH3
domains (i.e., Pro-Va-pTyr-Glu-Asn-Va and Pro-Pro-AlaTyr-Pro-Pro-Pro-Pro-Val-Pro,
respectively), and exhibit enhanced affinities and specificities towards dual SH(32)
Abelson kinase [2,3]. For first-generation consolidated ligands, binding sequences
were connected by a flexible linker, e.g., Gly,. With the goal to further improve their
efficacies, several second-generation consolidated ligands with a more rigid linker,
e.g., Ala,, and optionally including an intramolecular lactam bridge “lock”, were de-
signed and synthesized [4]. The present report focuses on the 32-residue structure
shown below, which contains an i to i+7 lactam bridge to connect the side-chains of
Glu and Lys, with an intervening 5-aminovaleric acid (Ava) as a spacer. Two different
solid-phase synthetic strategies were eval uated.

H-Pro-Pro-Ala-Tyr-Pro-Pro-Pro-Pro-Val-Pro-Lys-NH,

H-Pro-Val-pTyr-Glu-Asn-Val-Gly-Ala-Ala-Lys-Ala-Lys-(Ala)g-Glu-Ala-Ala

LAvaJ

Results and Discussion

The first strategy began with Fmoc-Lys(Dde)-PAL-PEG-PS and used Fmoc chemistry
to build both branches essentially as described previously [2—4]. Couplings were me-
diated by HBTU/HOBt/DIEA (4 eq each) in DMF, 1 h. The starting protected deriva-
tives leading to the ultimate lactam were Fmoc-Glu(OAI)-OH and Fmoc-Lys(Dde)-
OH. However, Fmoc-Lys(Boc)-OH and Fmoc-Glu(OtBu)-OH were used when the
parent residues were elsewhere in the sequence. Asparagine was introduced as Fmoc-
Asn(Tmob)-OH and the phosphotyrosine moiety was incorporated as Fmoc-
Tyr(PO3H,)-OH. After chain assemblies were complete, the Dde group was removed
from the Lys side-chain by 2% anhydrous NH,NH, in DMF, then Fmoc-Ava-OH was
coupled, then the OAI ester was cleaved off Glu by treatment with Pd(P(Ph),),, and
then the Fmoc group was removed from Ava. Cyclization to form the lactam bridge
was achieved by addition of PyBOP/HOBt/DIEA (10 eq each) in DMF, 2 x 1 h. After
cleavage from the support with reagent K, a complex product mixture was observed.
Careful fractionation through three semipreparative reversed-phase HPLC runs al-
lowed isolation of the pure peptide in ~3% yield. The expected molecular weight of
the peptide was confirmed by its MALDI-TOF mass spectrum.
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In the second strategy, synthesis began with Mtt-Lys(Fmoc)-PAL-PEG-PS and
used Fmoc stepwise procedures to add onto the Lys side-chain the 10 residues which
eventually comprise the lactam-bridged linker. For somewhat better coupling efficien-
cies, HATU/HOAL/DIEA (4 eq each) in DMF, 1 h, was now used. The starting pro-
tected derivatives leading to the lactam were Fmoc-Glu(OAl)-OH and Dde-
Lys(Fmoc)-OH. After incorporation of the aforementioned Lys derivative, the stan-
dard Fmoc removal step exposed the Lys side-chain; from this point on, the already
described lactamization strategy was followed [i.e., couple Fmoc-Ava, remove OAl
from Glu, remove Fmoc, cyclize] with the exception that PyAOP/HOAt/DIEA (10 eq
each) in DMF, 2 x 1 h, was now used to close the ring. Next, the peptide chain was ex-
tended by first removing Mtt from Lys, continuing with 9 cycles of Fmoc chemistry,
and final incorporation of Boc-Pro as the N-terminal residue of the Pro-rich branch.
After that, Dde was removed from Lys, and Fmoc chemistry introduced all remaining
residues of the second, pTyr-containing branch. Cleavage of the completed peptide
showed a considerably better analytical profile, and a single semipreparative purifica-
tion gave the desired peptide in an isolated yield of ~20%. As before, mass spectro-
metric characterization agreed with expectation.

The title lactam-bridged consolidated ligand was bound by Abl SH(32) with aK of
380 + 17 nM, comparable to related linear and cyclic molecules evaluated in this re-
search.

Conclusion

Two different strategies were compared for the synthesis of consolidated ligands with
an intramolecular lactam bridge. In the first strategy, on-resin steps to establish the
lactam were carried out after all 32 amino acids had been incorporated. However,
better results were obtained with the second strategy, when the decapeptide grown off
the Lys side-chain was subjected to cyclization prior to further chain elongation.
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Introduction

Medium-size peptide thioesters, which are key intermediates for solution or solid-
phase native chemical ligation [1], have until recently been accessible only by Boc/Bzl
solid-phase strategies with appropriate linkers and supports. The Backbone Amide
Linker (BAL) approach introduced by our laboratory [2] provides a way to prepare
peptide thioesters [3] in concert with Fmoc/tBu chemistry, and may be contrasted to
several other methods reported within the past three years [4].

Here, we describe the synthesis, using BAL/Fmoc methodology, of two peptide
thioesters, with the eventual goal to prepare BPTI, a protein of 58 amino acid residues,
by solid-phase chemical ligation. These peptides correspond to the 14-37 and 1-13 se-
guences of natural BPTI and will be used as middle and N-terminal fragments respec-
tively.

Results and Discussion

The strategy comprises: (i) anchoring the penultimate residue, AA, ;-OAl, onto a
0,p-PALdehyde-11e-PEG-PS resin via a reductive amination reaction; (ii) coupling of
Ddz-AA,,, and acetylation; (iii) Ddz removal followed by in situ neutralization/cou-
pling with Fmoc-AA,_5; (iv) peptide elongation with standard Fmoc/tBu chemistry; (v)
selective OAI removal and coupling with AA -SMPE (H-SMPE: ethyl 3-mercapto-
propionate); (vi) final cleavage/deprotection with TFA/scavengers to release the free
peptide. The thiol side-chain of the N-terminal cysteine of the 24-residue peptide was
protected with an Fm group to prevent cyclization or polymerization, while the
13-residue peptide was synthesized with an N-Fmoc terminal protecting group. Both
the S-Fm and N-Fmoc groups have the added advantage of providing a chromophoric
handle which should be easily removed by piperidine treatment after chemical liga-
tion.

24-peptide synthesis : H-V-Y-(BAL-resin)G-OAl 1
[ .
Bu (iv) and (v)

Boc—IC-Kl-A-l}-I-I-II{-}(-F-\(—Nl-A-ll(-A-G-L-CI-(I)-TI-F-V-Yl-(BAL-resin)G-G-SMPE 2
Fm Boc Pbf PbfrBu /Bu Trt Boc Trt Trt /Bu  ¢Bu
‘ (vi)
Cys(Fm)[15-37]SMPE 3

“Intermediate” yields, based on the loadings of the tripeptide-resin starting materi-
als 1 and 1', were respectively 75% and 88% for the crude 24- and 13-peptides 3 and
3'. Purification of 3 was achieved using a C4 column with a recovery yield of 21%.
Purification of 3' was achieved using a C8 column with a recovery yield of 63%. The
identity of each product was confirmed by MALDI-TOF mass spectroscopy.
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13-peptide synthesis : H-Y-T-(BAL-resin)G-OAl 1
tl;u tIBu + (iv) and (v)
Fmoc-lll-P-ll)-F-('I-L-I;Z-P-P-\I(-'I;-(BAL-resin)G-P-SMPE 2’
Pbf Bu Trt Bu| BurBu
¢ (vi)
Fmoc[1-13]SMPE 3

These results show how the BAL methodology can be extended for Fmoc SPS of
medium-size peptide thioesters. Thus, key intermediates for solution, as well as solid-
phase native chemical ligation should be readily available. No significant loss of
chains was observed during elongation by Fmoc chemistry. Final cleavage yields were
high. The crude quality of Cys(Fm)[15-37]SMPE, a well-known difficult sequence to
synthesize, could probably be improved after characterization of secondary peaks. Im-
portantly, peptide thioesters were found to be stable to cleavage cocktails that are
commonly used in Fmoc chemistry.
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Introduction

Ampulogparin A (Amp A) AcTrp-AlaAib-Aib-LerAib-Gin-Aib-Aib-Aib-Gin-LelrAib-Gin-Leud,
extracted from fungus Sepedonium ampullosporum surface culture belongs to the class
of peptaibols rich in Aib, with an acetylated N-terminus and an alcohol at C-terminus
[1]. Besides antimicrobial effects, Amp A induces the formation of black pigment on
fungus Phoma destructiva, as do cyclosporin A, chrysospermin, and also neuroleptic
drugs, including haloperidol, chlorpromazine, clozapine, and sertindol. Moreover,
Amp A was found to cause the hypothermia in mice suggesting a neuroleptic activity
[1]. Recently, peptides containing adjacent sterically hindered Aib-residues have been
synthesized without difficulties via Fmoc amino acid fluorides, which can be
generated in situ by using tetramethylfluoroformamidium hexafluorophosphate
(TFFH) as coupling reagent [2].

In this work, we synthesize native Amp A and 16 of its analogs using TFFH as cou-
pling reagent for the N-terminal nonapeptide sequence and study the relationship be-
tween their conformation and biological activities, namely the pigment induction on
Phoma destructiva and hypothermic effect in mice.

Results and Discussion

Ampullosporin analogs have been obtained by modification of C-, N-terminus and
substitution of Aib-residues at different sequence positions by Ala, lle, and 1-amino-
1-cyclohexane carboxylic acid (Acgc) (Table 1). Depending on C-terminus, an appro-
priate resin was used, 2-CI-Trt for Leu'®ol analogs, Wang for carboxylic acids and
Rink amide MBHA for amide. A double coupling protocol using 4 eg. Fmoc amino
acids in DMF, 8 eg. DIEA as a base, and 4 eq. HBTU/HOBLt as coupling reagent for
first five amino acid residues and 4 eq. TFFH for the remaining residues was adopted
(Scheme 1). After the N-terminus has been acetylated, Leu®ol analogs were cleaved
from the 2-CI-Trt resin with 20% HFIP/DCM, and subsequently cleaved from the side
chain protecting groups with 50% TFA/DCM, 5% water, and 2% triisopropylsilane,
while analogs containing Leu or Leu-NH, at C-terminus were cleaved with TFA, 2.5%
water, and 2.5% EDT. After purification, analogs were used for conformational study
and biological tests.

Ac-Trpt- Ala-Aib*-Aib*Leu-Aibs-GIn"-Aibt-Aib-Aib-GIn-Leu?-Aib3-GlInt-Leut>ol

T TFFH ‘ T HBTU/HOBt ‘

Scheme 1. Coupling reagents in the synthesis of Amp A and analogs.

CD spectraof all analogs were recorded in water, water/TFE = 1/1, and pure TFE to
find the differences in their conformational shapes and flexibility. Substitution of
Aib-residues by chiral amino acids Ala and Ile increased the helicity (CD-band inten-
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sities at 208 and 222 nm